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THEME 


The  ELI-'  hand  (30  3900  II/)  has  very  serious  deficiencies  when  compared  with  conventional  radio  communica¬ 
tions  bands.  Its  ‘neted  bandwi  Ith  implies  low  data  rates,  and  because  the  very  large  wavelength  whatever  trans¬ 
mitting  antenna  ecs.ld  be  built  wi  uld  be  inefficient,  as  measured  by  radiated  power.  For  special  applications  however, 
where  part  of  the  propagation  path  involves  lossy  media  such  as  rock,  earth,  soil  and  water,  ELF  offers  the 
possibility  of  communications  whereas  the  conventional  bands  offer  none.  Even  at  VLF  (3  30  kHz)  where  the 
wavelength  is  up  to  two  orders  of  magnitude  smaller,  efficient  transmitting  antennas  must  be  enormous  costly 
structures,  and  transmitter  powers  great  if  global  communications  are  desired  and  to  points  under  the  sea  or  beneath 
the  ground.  The  l.F  band  (30  300  kHz)  provides  for  communications  to  intermediate  distances,  shorter  than  the 
global  distances  afforded  by  VLF,  but  longer  than  ground  wave  distances  characteristic  of  the  ME  broadcasting  band 
(535  1 005  kHz)  .  .  .  although  ME  sky  wave  signals  propagate  to  much  greater  distances  with  relatively  low  loss  at 
night.  Propagation  conditions  change  with  increasing  frequency,  toward  the  top  of  ME  hand  (3000  kHz)  where  the 
band  merges  with  and  the  propagation  becomes  characteristic  of  the  HE  band. 

Use  of  the  various  frequency  bands  (at  least  above  10  kHz)  is  extensive  and  covers  a  wide  range  of  communica¬ 
tions  and  navigation  applications:  such  as  the  Omega  navigation  system  (10  14  kHz);  VLF  global  communications 
(14  30  kHz),  principally  military  communications:  DEX'CA,  Loran-C  and  other  position  fixing  and  navigation 
systems  (70  130  and  1605  2000  kHz);  non  directional  beacons  (300  325  kHz);  broadcasting  ( 150  2X5  and 
535  1605  kHz);  radio  communications  in  various  frequency  bands  ranging  from  the  ELF  through  MF,  and  as  well 
broadcast  of  time  and  frequency  standards,  etc. 

While  use  of  these  hands  is  not  increasing,  their  use  is  not  decreasing  either.  Much  new  propagation  information 
has  been  obtained,  principally  at  ELF  and  VI. I-'  frequencies  since  t ho  last  AC.AU1)  Symposium  oil  this  topic;  and 
while  new  communication  technologies  that  permit  automation,  transmission  of  data  and  SSB  voice  over  narrow 
bamlwidths  and  spread  spectrum  modulation  techniques  have  been  developed,  these  have  not  seen  application  below 
3000  kHz.  it  was  intended  that  this  symposium  would,  by  means  of  review  papers,  summarize  the  current  stale  of  out- 
knowledge  in  this  frequency  band  in  areas  of  propagation,  antennas  and  radio  communications  technology;  present 
recently  acquired  data  and  knowledge;  and  speculate  on  trends  and  future  use  of  these  bands. 
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THE  PROPAGATION  MEDIUM:  AN  OVERVIEW 


John  S.  Bel  rose 
Coiniluni  cations  Research  Centre 
Department  of  Communications 
Ottawa,  Ontario 


ABSTRACT 

i  in  s  paper  is  an  overview  on  electron  and  ion  nunber  densities  and  collision  frequency  height 
profiles  in  the  lower  E  -  and  D-regions  of  the  ionosphere  (heights  below  100km).  Ion  chemistry  is  not 
addressed  in  detail,  but  reference  is  made  to  current  work  in  this  area. 

1 .  INTRODUCTION 

In  the  propagation  of  ELF  and  VLT  radio  waves  to  great  distances,  the  waves  are  confined  within 
the  space  between  the  earth  and  the  ionosphere.  This  space  acts  as  a  waveguide,  and  the  concept  is 
applicable  for  characterizing  the  field- strength  as  a  function  of  frequency  and  distance.  At  LF  and  Ml- 
frequencies  ionospheric  attenuation  increases  rapidly  with  frequency,  and  the  maximum  in  the  absorptior 
of  ionospheric  radio  waves  lies  in  the  frequency  range  100kHz  to  1000kHz.  (dependent  on  frequency  and 
distance).  In  describing  propagation  at  these  higher  frequencies  it  is  found  useful  to  interpret  the 
experimental  data,  and  to  calculate  field  strength  by  the  wave-hop  method  of  propagation.  That  is  the 
total  field  comprises  a  ground  wave  and  a  skywave  reflected  once  or  more  than  once  from  the  ionosphere. 

Whatever  the  method  of  interpreting  propagation  data  or  calculating  field-strenglri,  the  electrical 
conductivity  of  the  upper  and  lower  boundaries  of  the  media  are  important.  The  upper  boundary  is 
characterized  by  the  electron  and  ion  density  distributions  and  the  collision  frequency  height  profile. 

The  lower  boundary  by  a  homogene  ins  smooth  earth  having  an  effective  but  variable  conductivity  and  dielectric 
constant,  although  some  calculations  have  been  described  in  which  the  actual  topographical  earth  surface 

profile  is  taken  account  of.  This  overview  is  concerned  with  the  characteristics  of  the  upper  ionospheric 

boundary,  with  the  E  -  and  D-regions,  particularly  for  heights  below  100km. 

Rocket-borne  ion  mass  spectrometer  observations  carried  out  since  1963,  together  with  improved 
measurements  of  electron  concentrations  have  lead  to  our  present  knowledge  of  the  lower  ionosphere.  The 
unique  character  of  the  D-region  arises  from  the  presence  of  chemically  active  minor  neutral  constituents, 
and  the  relatively  high  ambient  pressures  which  permit  three-body  reactions  to  occur.  Ideas  concerning 

the  production  and  tuss  of  the  ionization  have  remained  unchanged  now  for  several  years,  c.f.  Thomas  [1  974], 

Reid  [1977)  and  Mi tra  (19811,  only  our  knowledge  of  the  importance  of  various  processes  has  improved. 

Of  particular  importance  for  the  ionospheric  reflection  of  VLF,  LF  and  MF  radio  waves  is  the 
electron  density-height  gradient,  and  this  is  not  measured  very  accurately  by  ground-Lased  experiments. 

Nor  is  the  electron  concentration  for  densities  less  than  about  lOOcm-3,  which  is  of  particularly  important 
for  the  lower  frequencies.  At  VLF  frequencies  and  below,  the  ion  densities  becomes  important,  the  degree 
of  which  increases  with  decrease  in  frequency.  Ion  concentrations  are  particularly  important  at  night,  and 
at  times  of  solar  geophysical  disturbances  when  electron  production  rates  at  low  heights  are  large.  Because 
effective  electron  loss  rates  are  high  ion  densities  are  correspondingly  high. 

2 .  COLLISION- FREQUENCIES 

Collisions  between  electrons  and  neutral  molecules  are  of  great  importance  to  some  aspects  of 
radio  wave  propagation,  particularly  for  the  rolo  they  play  in  the  attenuation  of  radio  waves.  The  collision 
frequency-height  profile  may  be  estimated  from  laboratory  studies  of  the  mobility  of  electrons  in 
atmospheric  gases,  in  combination  with  rocket-borne  measurements  of  atmospheric  temperature  and  density 
(or  pressure),  or  it  may  he  determined  quite  independently  from  an  analysis  of  radio  wave  propagation.  There 
is  much  evidence  both  in  radio  arid  meteorological  pressure  data  to  establish  that  the  collision  frequency- 
height  profile  changes  with  season,  latitude,  and  at  least  on  some  occasions  wi  tfi  solar  activity.  The 
variability  from  day-to-day  and  with  season  is  unrietecUbly  small  during  summer  months  and  at  low  latitudes. 
At  high  latitudes  in  winter  the  day-to-day  variability  cdn  exceed  the  seasonal  change. 

Several  formula  have  been  used  to  relate  vm,  the  mono-energetic  collision  frequency  used  with 
generalized  magneto-ionic  theories,  to  atmospheric  gas  pressures.  The  one  used  by  the  author  and  his 
colleagues  IBelrose  et,  al . ,  I9b7]  is  vm  “  1.04  x  108p(mm  llg)  sec_l.  Collision  frequency  height  profiles 
calculated  from  this  formula  for  30,  4b  and  6()oN  were  compared  by  these  authors  with  collision  frequencies 
deduced  from  some  selected  rocket-borne  and  ground  based  radio  wave  propagation  experiments.  These  data 
are  reproduced  here  in  Figures  1  to  3.  It  shuulcl  lie  noted  that  a  given  value  of  collision  occurs  at  a 
lower  height  in  winter  than  in  summer,  and  this  fact  is  revealed  in  the  phase-height  of  reflection  of 
VLF  steep  incidence  radio  waves  (s<e  I  inure  4).  A  particular  electron  production  rate  will  he  found  at 
the  height  of  a  particular  pressure  iso|  nth. 

On  this  assumption,  then,  the  seasonal  variation  of  atmospheric  pressure  is  complex,  since 
(see  Figure  b),  there  is  on  anomaly  in  the  reflexion  height  versus  seasonal  variation  in  April. 

There  is  a  little  doubt,  that  collision  frequency  in  the  I. -region  varies  wi  tli  solar  activity 
[Schlapp,  I9b91  ,  and  at  high  latitudes  with  merge  t  i  c  part  i  c  1  e  preci  pi  tat  i  on  [Sclileqel  et  al.,  198(1],  but 
similar  variations  have  not  so  far  been  reliably  observed  in  the  D-region,  except  on  a  few  occasions.  In 
Figure  6  we  show  an  example  when  the  height  of  the  Klmb  pressure  level  over  middle  1  urope  at.  midnight  appears 
to  correlated  with  a  strong  27-day  periodicity  in  solar  activity  during  the  months  of  January  and  February 
1901.  High  solar  activity  is  associated  with  an  increase  in  the  height  of  the  1  Oinh  pressure  level,  and 
presumably  also  with  pressures  above  this  level.  A  peculiar  Feature  of  these  data  is  the  sudden  causation 
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in  the  correlation  in  March,  1962,  even  tnouqht  the  strong  27-day  periodicity  in  solar  flux 
continued  for  several  cycles.  It  is  likely  that  such  a  phenomenon  when  it  does  occur  is  feature 
of  the  winter  atmospnere. 

3.  ELECT ROM  DENSITIES:  BACKGROUND  INFORMATION 

In  Figure  7  we  show  an  electron  density-height  profile  measured  by  »  rocket-borne  experiment  on 
16  April,  1964  over  Wallops  Island  [Mechtly  et.  al . ,  1967]  at  a  time  when  tne  solar  zenith  angle  was  60°. 
This  particular  profile  clearly  shows  different  layers  (or  ledges)  of  ionization  that  are  thought  to  >-- 
characteristic  of  the  lower  ionosphere. 


These  are: 


1.  A  region  above  85km,  the  base  of  the  E- layer  which  is  the  simplest  part  of  the  D-region; 

2.  A  region  where  the  electron  density  increases  rapidly,  the  so-called  "ledge"  region  around  82-85km; 

3.  A  region  between  the  ledge  and  70km,  the  C- layer; 

4.  A  region  between  50-70km,  the  so-called  C-layer,  where  negative  ions  becomes  appreciable;  and 

5.  The  region  below  50km  where  there  are  no  electrons  under  normal  quiet  solar  conditions,  but  this  is 

the  region  where  ion  densities  are  large  and  of  increasing  complexity. 

While  the  main  purpose  of  this  paper  is  to  review  what  is  known  about  electron  densities  and 
their  variation  with  latitude,  time  of  day,  season  and  solar  cycle,  and  at  times  of  geophysical  disturbance; 
we  will  begin  by  a  brief  discussion  of  the  sources  of  ionization  and  of  the  height  distributions  of  neutral 
consituents  and  positive  and  negative  ion  composition. 

3.1  SOURCES  OF  IONIZATION 


The  important  sources  of  ionization  of  the  quiet  D-region  are:  1)  photo  ionization  of  nitric 
oxide  (NO)  bv  Lyman  =  radiation;  2)  solar  x-rays;  3)  solar  uv  ionization  of  excited  molecular  oxygen  0^  ( '  Ag ) ; 
>nd  4)  galactic  cosmic  rays  (GUI)  which  are  the  principle  source  of  ionization  at  heights  below 
70km  under  normal  quiet  conditions.  Representative  ionization  rates  in  the  quiet  daytime  middle  latitude 
D-region  for  solar  minimum  conditions  and  a  solar  zenitli  angle  of  60°,  and  at  night  are  shown  in  Figures  8 
arid  9  [after  Thomas,  1974J.  While  electron  production  rates  are  small  during  nighttime,  nevertheless  they 
are  sufficient,  to  maintain  ionization  densities  during  nighttime,  and  during  the  polar  night  at  high  latitudes 
[Belrose  et.  al  .  ,  1  y  66  ] ,  sufficient  reflect  VLF  and  LF  radio  waves.  Clear  evidence  for  a  nocturnal  variation 
in  nighttime  ionization  rates  can  be  seen  in  Figure  4.  Note  that  the  phase  height  of  reflection  for  VLF 
radio  waves  continuously  increases  after  sunset,  until  about  one-hour  after  local  midnight,  when  the  phase 
height  conti nuously  decreases  until  dawn.  The  most  likely  source  for  such  nighttime  rates  that  could 
result  in  such  a  variation  is  the  photoionization  of  NO  by  Lyiiian<>  radiation  in  the  night  glow. 

A  time,  electron  production  by  solar  x-rays  (at  the  time  of  a  solar  flare),  and  by  particle 
precipi tation  can  overwhelmingly  dominate  these  regular  processes.  Solar  particle  events  (SPE)  can 
produce  small  to  very  intense  ionization  in  the  D-region,  particularly  at  high  magnetic  latitudes.  Tile 
principle  sources  of  ionization  during  these  events  are  soiar  protons  between  I  and  IOOMpV  and  solar 
electrons  having  energies  >10koV.  The  initial  disturbance  un  the  sun  produces  prompt  effects  due  to 
ionization  by  solar  x-rays  (SXH)  in  the  0.5  to  10.X  range  (the  shorter  the  wavelength  the  deeper  the 
penetration  into  the  atmosphere).  Subsequent  geomagnetic  storm  associated  effects,  and  storm  after  effects 
arc  due  to  precipitation  into  the  D-region  of  high  energy  particles  (IIEP),  electrons,  of  inagnetospheric 
origin  (from  the  radiation  belts) 

An  extreme  ionization  rate  profile  for  the  4  August,  19/2  SPE  over  Chatanika,  Alaska  is  shown 
in  Figure  10  [after  Reagan  and  Watt,  1976).  Ihis  was  the  largest  solar  proton  event  ever  observed. 

Comparison  of  figures  8  and  10,  and  in  Figures  10  itself,  reveals  Lhut  the  electron  production  rates  at 
60km  are  a  1  iikjs t  five  order  of  magnitude  greater  than  normal  (normal  being  ionization  rates  due  to  galactic 
cosmic  rays). 

3.2  ELECTRON  LOSS  RATES 

Onto  electrons  production  rates  are  known  or  assumed,  the  ambient  electron  density  can  be  calculated 

from : 

dNe  «  q(h)  -  T(h)Ne^(h) 

dt 

or  if  Ne(h)  and  q(h)  are  known  the  effective  recombination  rate  'l'(h)  may  be  determined.  This  is  the  most 
simpli  form  of  the  continuity  equation.  Nevertheless  the  height  variation  of  'l'(h)  provides  some  insight 
into  f  o  chemistry  of  the  region. 

Montbriand  ami  Belrose  [1979]  made  a  study  of  the  diurnal  and  seasonal  variations  of  the  steady 
state  loss  coefficient  (dNc/dt~0)  for  quiet  periods  over  Ottawa  employing  partial  reflection  electron 
density  data  and  calculated  electron  production  rates.  The  results  obtained  for  diurnal  variation  were 
based  on  electron  density-height  profiles  deduced  earlier  by  Coyne  and  Belrose  |1972]. 

In  order  to  identify  season  variationscf  T,  quiet  intervals  were  selected  on  the  basis  cl  electron 
content,  below  76km  (ratio  meter  records,  c.f.  Belrose  [1972]).  The  selection  was  made  fur  the  periods  of 
highest  ratios  (least  electron  densities  below  / (>kin )  in  each  month.  Furthermore  the  periods  selected 
(morning  or  afternoon)  had  to  exhibit  regular  solar  control,  also  judged  from  the  ratio  meter  records. 
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The  measurements  were  made  at  x  =  68.6°,  which  is  the  smallest  value  that  could  be  studied  seasonally. 

The  dashed  curves  in  Figure  11  are  the  results  obtained  from  this  study.  Note  that  for  h  >  7£km,  and 
particularly  at  a  height  «85km  ip  varies  seasonally  by  more  than  order  of  magnitude.  Smallest  values 
are  found  in  winter  when  mesospheric  temperatures  are  low.  Near  75km  there  is  neither  a  diurnal 
(results  for  this  are  not  shown)  or  a  seasonal  variation.  Below  this  height  f  decreases,  a  result  which 
is  also  apparent  in  the  data  obtained  during  large  solar  x-rays  flares  [Montbriand  and  Belrose,  1972). 

This  height  variation  for  h<75km,  is  in  sharp  contrast  with  results  obtained  during  a  major 
solar  proton  event,  when  f  increases  rapidly  with  decrease  in  height. 

A  strong  day-night  variation  in  f  is  expected,  because  at  night  electron  loss  to  form  negative 
ions  is  expected  to  dominate  recombination  loss.  The  curve  labelled  6  in  Figure  12  is  taken  to  be 
representative  of  the  'F(h)  variation  at  night  (actually  these  data  were  measured  at  totally  during  a  solar 
eclipse).  The  S'(h)  results  obtained  during  strong  solar  proton  disturbances  are  smaller  at  all  heights. 
Sellers  and  Stroscio  (1975]  compare  these  and  other  data  obtained  during  SPE  events  with  theoretical 
predictions.  Prasad  and  Mohanty  [1980]  have  employed  a  simplified  positive  ion  model  to  study  electron 
production  and  loss  rates  at  80km  and  have  compared  their  results  with  electron  densities  measured  at 
this  height  under  quiet  solar  geophysical  conditions. 

3  3  HEIGHT  DISTRIBUTION  OF  NITRIC  OXIDE 


Measurements  of  NO  concentrations  in  the  0  -  and  E-regions  have  been  obtained  from  rocket 
observations  of  the  flurescence  of  the  NO  y-bands  in  day  glow  [c.f.  Beran  and  Bangert,  1979],  and  from 
positive  ion  densities  measured  by  mass  spectrometers  [Swider,  1978;  Arnold  and  Kranskowsky,  1979]. 
Diurnal  and  seasonal  measurements  of  NO  in  the  low  E-region  have  also  been  derived  from  satellite  data 
[Stewart  and  Cravens,  1978;  Cravens  and  Stewart,  1978].  A  summary  of  various  number  density  models  for 
NO,  reproduced  from  Bergan  and  Bangert  [1979]  is  shown  in  Figure  13.  The  two  profiles  labelled  by  dates 
were  measured  by  there  authors  during  the  Western  European  Winter  Anomaly  Campaign  1975/76. 

3.4  HEIGHT  DISTRIBUTION  OF  03  and  02  ('flg) 


Similarly,  the  OgCAgJ  concentration  profiles  can  be  determined  by  optical  measurements 
[Beran  and  Bangert,  1979]  or  derived  from  positive  ion  measurements  [Arnold  and  Krankowsky,  1979].  The 
optical  measurements  are  of  the  infared  atmospheric  band  of  oxygen  at  1.27pm  from  which  the  O3  density 
profile  can  be  derived.  The  02('og)  profile  is  obtained  from  the  O3  density  profile  by  multiplying  by 
the  Einstein  transition  coefficient.  The  profiles  in  Figure  14  are  reproduced  from  the  paper  by  Bergan 
and  Bangert  [1979]. 

3.5  POSITIVE  AND  NEGATIVE  ION  DENSITIES 


Since  the  major  source  of  ionization  in  the  quiet  D-region  is  thought  to  be  photoionization  of 
NO  by  solar  l<*  radiation  this  should  give  rise  to  NO  +  (ion  mass  30),  as  the  dominant  positive  ion  in  the 
0-region.  However,  rocket-borne  ion  mass  spectrometers,  beginning  with  those  of  Narcissi  and  Bailey  [1965] 
have  shown  that  below  about  82km  altitude  the  dominant  positive  ion  species  are  water  clusters  of  the  type 
H+(H20)n  [c.f.  Thomas,  1974;  Reid,  1977;  Arnold  and  Krankowsky,  1977).  Since  the  lifetime  of  NO  ions  at 
80krrris  of  the  order  of  103  sec,  a  reaction  path  must  exist  that  is  fast  enough  to  convert  NO  ions  into 
water  cluster  ions  in  a  time  which  is  much  less  than  this  [Reid,  1977].  The  rapid  increase  in  the  number 
density  of  water  cluster  ions  for  heights  below  about  82km,  c.f.  Figure  15  [from  Narcissi  et.  al . ,  1972] 
is  undoubtly  associated  with  the  sudden  change  in  effective  electron  loss  rates  at  these  heights.  Arnold 
et.  al .  [  1 980]  have  discussed  evidence  for  a  strong  temperature  control  of  the  ionospheric  D-region  deduced 
from  ion  composition  measurements  ...  a  factor  that  is  thought  to  be  in  part  a  cause  of  the  variability  of 
electron  densities  at  heights  near  80km  under  geomagnetical  quiet  conditions,  in  winter. 

Negative  ion  chemistry  strongly  controls  the  diurnal  changes  in  electron  density  particularly 
at  heights  below  70km.  Because  of  the  much  greater  mobility  of  electrons,  they  are  the  important  factor 
in  determining  atmospheric  conductivity,  strongly  affecting  the  propagation  of  ELF  and  VLF  radio  waves. 

Free  electrons  are  removed  by  attachment  to  neutral  molecules  to  form  negative  ions.  Electrons  in  turn 
may  be  detached  from  negative  ions  through  photodetachment,  or  associated  detachment  reactions,  a  factor 
that  is  particularly  important  at  dawn  [c.f.  Peterson,  1976].  At  lower  altitudes  where  electron  densities 
become  negligeable  and  negative  ions  become  the  primary  negative  charge  conductors,  hydration  may  effect 
conductivity  by  stabilizing  negative  ions  agair.st  electron  detachment.  Negative  ion  mass  spectrometer 
measurements  have  been  carried  out  by  the  two  groups  that  have  also  been  instrumental  in  measuring  positive 
ion  densities,  but  unfortunately  the  two  sets  of  measurements  have  produced  conflicting  results  [Narcissi 
et.  al . ,  1971  and  1972;  and  Arnold  et  .  al.,  1971].  These  differences  have  recently  been  discussed  by 
Keesee  et.  al.  [1979].  D-region  negative  ion  chemistry,  omitting  negative  ion  clusters  has  been  analyzed 
by  Wisemberg  and  Kockcarts  [1980]. 

The  height  variation  of  the  ratio  of  negative  ion  to  electron  number  density  (A)  has  been  discussed 
by  many  researchers  during  the  last  decade,  and  earlier.  While  it  is  generally  agreed  by  most  that  jp\0  at 
85km  (or  above),  the  extremes  in  the  values  that  have  been  estimated  at  65km  reach/or  exceed  three  orders 
of  magnitude  [c.f.  Montbriand  and  Belrose,  1979].  While  a  day/night  difference  seems  to  have  been 
established  (c.f.  a  selection  of  a  few  results  in  Figure  16,  and  those  obtained  from  other  sources  given 
by  Mitra  [1981],  there  is  no  clear  difference  between  results  obtained  under  quiet  and  disturbed  solar 
geophysical  conditions.  This  is  in  contrast  with  the  differences  found  for  electron  loss  rates,  and 
measured  and  inferred  differences  in  ion  chemistry. 


1-4 


4.  D-REGION  MODELLING 

D-region  modelling  is  an  art  that  has  been  practised  by  only  a  few,  due  largely  to  the  complexity 
of  the  region,  which  has  been  revealed  during  the  past  two  decades  by  the  many  rocket  measurements  of 
electron  densities,  positive  and  negative  ion  densities  and  neutral  densities.  A  rather  detailed  model , 
including  very  many  reactions  must  be  employed  to  correctly  model  the  ion  chemistry  and  to  determine  a 
model  that  is  self  consistent  with  all  available  data,  including  laboratory  measurements  of  rate  coefficients 
for  each  specific  reaction. 

The  atmospheric  model  of  Keneshea  et.  al.  [1979]  is  the  most  detailed  and  most  complete 
atmospheric  model  of  the  ionosphere  and  lower  thermosphere.  Heaps  and  Heimerl  [1980]  have  carried  out 
a  sophisticated  computer  simulation  of  ion  species  and  densities  in  the  0-region.  Their  analysis  has 
shown  a  qualitative  agreement  between  predictions  and  detailed  positive  ion  composition  measured  in  situ, 
indicating  that  the  positive  ion  chemistry  is  correctly  modelled.  Comparison  of  simulated  and  experimental 
electron  density  profiles  show  that  the  experimental  values  lie  consistently  below  those  predicted.  The 
mass  spectrometer  measurements  of  negative  ions  show  little  agreement  with  current  predictions. 

Others,  e.g. ,  Chakrabarty  and  Chakrabarty  [1981]  have  tried  to  model  electron  and  positive  ion 
densities  using  a  simplified  approach,  which  can  be  more  readily  modified  in  attempting  to  bring  theory 
and  experiment  into  agreement  [c.f.  Mitra,  1981]. 

5.  D-REGION  ELECTRON  DENSITIES 

5.1  TECHNIQUES  FOR  MEASURING  ELECTRON  DENSITIES 

Measurements  of  electron  concentration  in  the  0-region,  and  the  relative  merits  of  various 
ground-based  and  rocket-borne  experiments  have  been  reviewed  by  Thrane  [1974].  Of  the  various  rocket 
borne  experiments  the  Faraday  rotation  experiment,  first  used  by  Jespersen  et.  al .  [1966]  has  found 
considerable  favour  [c.f.  Mechtly  and  Smith,  1968;  Bennet  et.  al.,  1972,  and  Beynon  and  Williams,  1976]. 
Differential  absorption  experiments  have  been  employed  by  Kane  [1961]  using  a  CW  transmitter;  and  by 
Belrose  et.  al.  [1972]  using  pulsed  transmissions  from  the  ground,  alternatly  switching  between  right-and- 
left-hand  circular  polarization.  In  association  with  the  basic  experiment  (Faraday  rotation  or  differential 
absorption)  plasma  probe  experiments  have  usually  been  used  to  provide  height  resolution.  A  few  experiments 
have  been  flown  employing  ground-to-rocket  LF  propagation  [Hall  et.  al.,  1965  and  1973,  Seliga,  1968]  and 
VLF  propagation  [Nagano  et.  al . ,  1978].  The  ground  based  methods  are:  1)  the  partial  reflection  experiment, 
first  developed  by  Gardner  and  Pawsey  and  used  most  extensivily  by  Belrose  and  his  colleagues  [Belrose, 

1970;  Belrose  et.  al . ,  1972a;  Coyne,  1973];  2)  The  pulsed  wave  interaction  experiment,  developed  by  Fejer 

[1955,  1970]  and  used  by  Smith  and  his  colleagues  [1967a,  b,  c;  Coyne,  1973;  by  Thrane,  1967  and  by  Cole 
et.  al.,  1969];  and  3)  electron  density  profiles  inferred  somewhat  indirectly  from  VLF/LF  propagation 
[c.f.  overview  by  Belrose  and  Segal,  1974].  The  partial  reflection  experiment  has  been  the  one  most 
extensively  employed  for  synoptic  studies  of  the  D-region  [Belrose,  1972]. 

5.2  D-REGION  STRUCTURE 


In  section  3  we  discussed  the  fact  that  the  D-region  electron  density  profile  contains  two  ledges 
(or  layers)  below  the  daytime  E-layer.  Only  a  few  profiles,  however,  clearly  show  the  presence  of  a  C-layer, 
below  the  D-layer,  except  at  dawn,  although  the  presence  of  underlying  ionization  having  number  densities 
below  those  which  can  be  reliably  measured  ( N< 1 00  electrons  can  often  be  inferred  from  ground  based 
experiments.  On  occasion  a  ledge  below  70km  is  clearly  discernable  [Coyne  and  Belrose  et.  al.,  1972], 
even  at  midday. 

5.3  VARIATION  WITH  LATITUDE 


The  most  extensive  and  continuous  studies  from  which  one  can  infer  certain  features  of  the  global 
moiphology  of  ionization  in  the  D-region  and  lower  E-region,  are  those  of  ionospheric  absorption.  George 
[1971]  studied  absorption  data  measured  during  IGY  and  IQSY  (active  and  quilt  sun  years)  at  some  28  stations. 
Swentek  [1976]  made  absorption  measurements  on  board  a  ship  sailing  from  the  summer  to  the  winter  hemisphere. 
And  Swentek  et.  al.,  [1978]  have  noted  an  asyrrmetry  in  winter  anomalous  absorption  observed  at  Lindau 

(51.6°N)  and  Ushuaia  (54.8°5). 

/ 

In  regards  to  global  modelling  of  electron  density  profiles,  the  most  extensive  statistical  studies 
are  those  of  Rawer  et.  al.,  [1978]  and  McNamara  [1979].  We  will  not  attempt  to  reproduce  or  duplicate  these 
works,  instead  we  will  illustrate  only  a  few  representative  profiles  measured  at  equatorial  (Thumba),  middle 
(Wallops  Island  and  Ottawa)  and  at  high  latitudes  (Resolute  Bay).  A  great  number  of  profiles  have  been 
measured  at  middle  latitudes  in  Europe,  by  rocket  borne  experiments.  Some  of  these  data  will  be  discussed 
in  Section  5.7. 

We  show  in  Figure  17  electron  density  profiles  measured  over  Thumba,  India  during  morning  hours 

by  rocket-borne  experiments  on  different  days  in  1968/70  [Kane,  1969].  In  Figures  18  and  19  we  show  electron 

density  profiles  measured  at  Ottawa  in  March  1971  and  May  1970,  for  selected  undisturbed  days  under  regular 
solar  control  [Coyne  and  Belrose  1972],  In  figure  20  we  show  profiles  measured  at  a  high  latitude  location 

Resolute  Bay.  Resolute  Bay  is  a  unique  location.  It  is  near  the  centre  of  the  polar  cap,  well  above  the 

auroral  oval.  In  winter  the  sun  never  rises  (x>980)  and  in  the  summer  the  sun  never  sets  (x<83°). 

A  number  of  features  illustrated  in  these  data  deserve  attention: 

1)  There  is  no  marked  difference  between  profiles  measured  at  equatorial  and  at  middle  latitudes.  The 
electron  densities  at  x  =  60°  are  o,  lOOcnr3  at  60km,  and  lOOOcirr3  at  o,  80km; 

2)  With  regard  to  the  profiles  for  Ottawa,  a  diurnal  asymmetry  is  clearly  evident,  which  does  not  seem  to 
have  any  preferred  level.  The  electron  densities  in  May  were  considerably  higher  than  March.  In 
particular  the  ledge  that  formed  toward  mid  day  near  70km  in  the  May  profiles  was  absent  during  the 
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March  period.  The  ledge  near  82km  in  the  78°  morning  profile  occured  over  the  whole  of  the  morning  period 
in  which  densities  could  be  measured  at  this  height; 

3)  Notice  the  absence  of  electron  at  heights  <75km  at  noon  in  March  over  Resolute  Bay(x  =  80°),  whereas 
in  sunnier  measurable  electron  densities  are  found  at  lower  heights.  This  is  a  spring  phenomenon  since 
profiles  for  September,  not  shown,  are  similar  to  the  summer  profiles.  The  absence  of  electrons  at  low 
heights  at  noon  in  March  must  be  a  feature  of  the  chemistry  cf  the  D-region,  which  has  been  in  darkness 
for  several  months  during  the  winter  polar  night.  This  absence  of  electrons  is  made  clear  in  the 
profiles  shown  in  Figure  21;  compare  the  profiles  for  Resolute  Bay  and  Churchill,  measured  during  the 
same  period  in  March,  at  the  same  solar  zenith  angle  (x  =  80°). 

5.4  VARIATION  OVER  DAWN 

One  of  the  most  regular  features  noticeable  in  diurnal  course  of  LF/VLF  field  strength  and  phase 
variation  is  the  abrupt  change  that  occurs  at  dawn.  Only  a  few  observations  of  electron  density  profiles 
over  dawn  have  been  obtained.  In  Figure  22  we  show  the  now  "classic"  electron  density  profiles  over  dawn 
measured  by  wave  interaction  [Smith  et.  al.,  1967].  In  Figure  23  we  compare  ground  based  and  rocket 
data  for  y'l/JO0,  measured  at  middle  and  low  latitudes. 

Synoptic  measurements  of  the  D-region  electron  densities  using  the  differential  absorption  partial 
reflection  experiment  have  been  made  at  Ottawa  from  one  hour  before  sun  rise  to  one  hour  after  sunset  for 
each  month  in  all  seasons  over  several  years.  Generally  for  y  >  85°  the  si gnal-to-noi se  ratio  is  inadequate, 
but  this  is  not  always  the  case.  In  Figure  24  we  show  two  ratio  meter  records  in  which  Ax/Ao  (76km)  was 
measured  over  dawn.  This  amplitude  ratio,  measured  at  a  particular  height,  is  inversely  proportional  to 
the  integrated  electron  density  below  the  reference  height.  Note  that  for  the  record  of  28  December,  1973, 
which  is  a  typical  example  of  the  variation  over  dawn,  this  ratio  first  decreased,  then  increased,  and  for 
y  <  85°  Ax/Ao  decreased  continuously,  reaching  lowest  values  at  noon.  Clearly  the  electron  density  below 
76km  during  the  dawn  transition  increased,  decreased,  and  increased  again,  i.e.,  the  electron  densities 
were  a  maximum  at  mid  day.  The  latter  phases  of  this  change  at  dawn  (for  y  <  85)  is  clearly  evident  in 
Figure  25,  which  shows  electron  densities  at  fixed  heights  versus  solar  zenith  angle  for  March,  1971,  c.f. 
the  variation  at  69km. 

If  the  layer  which  formed  at  dawn  is  pioduced  by  the  rapid  photo  detachment  of  electrons  from  a 
bank  of  negative  ions  that  was  in  equilibrium  with  nighttime  production  mechanisms,  then  its  subsequent 
decay  before  photoionizing  radiation  from  the  sun  reaches  it  indicates  that  the  effective  recombination 
rate  of  electrons  with  positive  ions  is  higher  than  that  of  positive  and  negative  ions  at  this  heights. 

An  interesting  feature  of  the  observations  is  the  apparent  lack  of  such  a  variation  over  dawn 
on  some  days  in  winter,  c.f.,  the  Ax/Ao  record  for  the  30  January,  1972  (also  shown  in  Figure  24). 

5 . 5  WINTFR  VAR1ABILI TY 


The  occurence  of  periods  of  enhanced  ionization,  known  as  the  winter  anomaly,  is  a  well  known 
feature  of  the  middle  latitude  D-region  and  this  phenomenon  has  received  considerable  attention.  The 
variability  of  the  winter  D-region  is  not  confined  to  periods  of  enhanced  ionization  as  the  ratio 
meter  records  show.  The  mid  day  amplitude  ratio  Ax/Ao  at  76km  throughout  the  winters  of  1969-70,  1970-71 
and  1971-72  are  shown  in  Figure  26  to  28.  The  appropriate  summer  ratios  are  plotted  in  Figures  26  and  27 
by  the  solid  and  dashed  lines  (morning  and  afternoon  ratios).  The  high  degree  of  variability  in  the 
electron  densities  below76km  over  Ottawa  during  the  winter  is  readily  apparent.  Furthermore  it  is  clear 
that  periods  of  low  (high  ratios),  as  well  as  high  (low  ratios)  ionization  can  exist.  In  Figure  29  we  show 
average  electron  density  profiles  for  1969/70,  averaged  according  to  the  Ax/Ao  ratio  measured  at  76km. 

The  winter  variability  is  due  to  two  causes,  which  may  on  some  occasions  occur  together: 

1)  Geomagnetic  Post  storm  effects  (GPE)  which  are  not  confined  to  winter,  but  the  phenomenon  is  more 
easily  observed  in  winter  when  eiectron  densities  at  low  heightsare  small.  The  magnitude  of  the 
effect  however  appears  to  be  enhanced  in  winter; 

Winter  day  of  anomalous  absorption  of  the  "meteorological  type”. 

5.6  GEOMAGNETIC  POST  STORM  EFFECTS 

There  is  no  doubt  that  D-region  ionization  changes  follow  geomagnetic  storms.  [Belrose  and 
Thomas,  1968].  There  is  also  evidence  that  storm  "after  effects"  have  a  seasonal  variation  and  that 
the  winter  season  is  more  strongly  affected,  tauter  and  Knuth  [1967]  have  suggested  that  precipiation 
and  ionization  due  to  energetic  electrons  leaking  out  of  the  Earth's  outer  radiation  belt,  injected  there 
during  a  geomagnetic  storm  is  the  cause  of  the  post  storm  effect.  Belrose  and  Thomas  [1968]  have  however 
stressed  that  a  part  of  the  cause  of  the  enhanced  electron  density  may  be  the  result  of  meteorological 
influence  of  dynamical  processes  leading  to  chemical  changes  in  the  D-region. 

The  precipitation  explanation  has  been  backed  by  the  results  of  Larsen  et.  al.,  [1976],  who  made 
co-ordinated  studies  of  electron  precipitation  measured  by  means  of  a  satellite,  and  D-region  electron 
densities,  measured  by  partial  reflection  measurements  at  Ottawa.  Lauter  et.  al . ,  [1979  a , b]  and  Oksman  et.al. 
[1981]  came  to  the  same  conclusion. 

A  very  clear  example  of  a  post  storm  effect  is  evident  in  data  already  illustrated.  In  Figure  27 
note  the  decrease  in  Ax/Ao  ratio,  lasting  several  days,  which  followed  the  geomagnetic  storm  of  14  December, 
1970.  The  diurnal  variation  of  electron  densities  for  the  16  December,  1970  is  shown  in  Figure  30,  which 
illustrates  features  which  were  earlier  indirectly  inferred  from  VLF/LF  propagation.  Note  the  rapid 
increase  in  electron  density  at  dawn  (ip  values  90  to  100°).  The  chain  dotted  curves  in  this  figure 
represent  the  variation  observed  on  a  normal  undisturbed  day.  The  N ( h )  profiles  during  the  dawn  and  dusk 
periods,  to  illustrate  diurnal  asymmetry  is  shown  in  Figure  31.  The  N(h)  profiles  in  Figure  32  illustrate 
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the  development  and  the  decay  of  the  phenomena.  A  profile  for  14  December  is  not  shown,  since  a 
"representative"  profile  cannot  be  given  for  the  storm  day  due  to  the  irregular  variations  in  electron 
dens; ty. 

5.7  WINTER  DAY  OF  ANOMALOUS  ABSORPTION  OF  THU  "METEOROLOGICAL  TYPE" 

The  results  of  the  Western  European  1975/76  D-region  Winter  Anamaly  Campaign,  reference  Offerman 
[1979]  provide  the  clearest  evidence  for  the  importance  of  dynamical  and  related  photochemical  effects. 
Electron  precipitation  was  excluded  as  a  significant  cause  of  ionization  in  the  D-region  for  a  major 
anomaly  observed  on  21  January,  1976.  Beran  and  Bangert  [1979]  clearly  show  that  the  observed  ionization 
increase  was  associated  with  increases  in  NO,  02('Ag)  and  decreases  in  water  cluster  ions  due  to 
increased  temperatures.  Inraneel.  al . ,  [19791  have  calculated  the  effective  electron  loss  rate 
¥  =  q/Nez  cm3  sec-1,  and  their  results  for  this  parameter  are  shown  in  Figure  33  (the  curve  labelled 
21  January,  1976  El  Arenosillo).  On  this  figure  we  show  also  the  quiet  day  results  deduced  by  Montbriand 
and  Belrose  [1979]  for  Ottawa;  and  the  extremes  observed  by  Larsen  et.  [1976],  the  two  curves  labelled 
23  January  and  24  February  1972.  It  should  be  noted  that  electron  production  on  these  two  days  was 
dominated  by  electron  drizzle  precipitation,  associated  with  post  storm  effects. 

It  is  clear  that  the  winter  anomaly  is  very  complex.  The  enhanced  electron  densities  are  due 
on  different  occasions  to  high  energy  particle  (HEP)  precipitation,  to  increases  in  constituents  such 
as  NO,  (^('Ag),  and  decreases  in  electron  loss  rates  due  in  part  to  decreases  in  water  cluster  ions. 
Decreased  electron  loss  rates  in  the  height  range  80-90km  can  occur  at  times  when  electron  "drizzle" 
dominates  production  (the  23  January,  1972  curve)  and  when  such  a  phenomena  is  absent  (21  January,  1976). 

According  to  the  results  shown  in  Figure  33  it  would  appear  that  decreased  electron  loss  rates  for  heights 

>75km  can  be  associated  with  increased  electron  loss  rates  below  this  height.  The  winter  anomaly 

phenomena  is  still  under  study  and  discussion  [Sato,  1980,  1981  ;  Manson,  1981). 

5.8  GEOPHYSICAL  DISTURBANCE  EFFECTS 


Different  types  of  disturbances  in  the  upper  atmosphere  can  change  its  properties  as  a 
propagation  medium  for  electromagnetic  waves.  Thrane  [1979]  has  recently  reviewed  the  most  important 
of  these  disturbances,  and  has  discussed  the  possibility  of  predicting  their  effect  on  the  atmosphere, 
once  they  have  occured. 

5.8.1  SOLAR  X-RAY  FLARE  (SXR)  EFFECTS 

One  type  of  ionospheric  disturbance  which  has  long  been  known  to  be  caused  by  enhanced 
solar  x-rays  (SXR)  accompanying  certain  solar  flaresis  called  sudden  ionospheric  disturbance.  Two 
of  the  SXR  flare  effects  are  the  immediate  increase  in  ionization  densities  throughout  the  D-region 
and  the  lowyering  of  the  base  of  that  region.  The  increased  ionization  density  results  in  increased 
ab-orption  of  HF  radio  waves,  which  cause  short  wave  fade  outs  (SWF).  The  lowering  of  the  base  of 
the  ionosphere  and  the  increase  in  the  electron  density  gradient  causes  sudden  phase  anomalies  (SPA) 
on  LF  and  VLF  circuits,  and  usually  an  amplitude  increase  in  LF  field  strength.  Other  effects  are 
the  sudden  absorption  of  cosmic  noise  (SCNA). 

Figures  34  and  35  show  as  an  example  the  effects  of  a  very  large  SXR  flare  that  occurred 
on  8  July  1968.  In  Figure  34  we  show  the  SCNA  observed  on  a  polar  directed  30MHz  riometer  at  Ottawa, 
and  in  Figure  35  the  electron  density  height  profiles  as  deduced  from  partial  reflection  observations 
at  various  times  during  the  event  (these  times  are  indicated  on  Figure  34). 

5.8.2  SOLAR  PROTON  EVENTS 


Following  within  a  few  minutes  to  a  few  hours  after  certain  solar  flares,  so  called  proton 
flares  [c.f.  Cook  and  Davies,  1979;  Heckman,  1979;  Smart  and  Shea,  1979),  a  very  strong  disturbance  can 
occur.  These  disturbances  are  confined  to  the  polar  caps,  i.e.,  magnetic  shell  latitudes  A>60°.  Hence 
the  named  polar  cap  absorption  (PCA),  so  named  because  of  the  intense  absorption  that  occurs  on  HF  circuits. 
The  cause  of  these  disturbances  is  known  to  be  due  to  solar  protons,  in  the  range  80-100  MeV,  although  in 
some  cases  heavier  nuculei  and  especially  alpha  particles  and  solar  electrons  (>10keV)  are  present. 

In  Figure  36  we  show  day  time  electron  density  profiles  measured  by  various  techniques  [Kane,  1959, 
1961;  Ulwick,  1971;  Reagan  and  Watt,  1976)  for  solar  proton  events  (SPE)  of  different  magnitude  (as  judged  by 
the  amount  of  absorption  observed  on  a  30MHz  zenith  riometer).  D-region  electron  densities  extending  to 
5  y.  1Q4  electrons  cm-3  at  70km  were  Measured;  useful  data  being  obtained  down  to  altitudes  as  low  as  45km. 
Positive  ion  densities  are  clearly  large  at  low  heights,  extending  downward  to  the  height  limits  ot  the 
experiments . 

Nighttime  electron  densities,  (see  Figure  37)  are  orders  of  magnitude  smaller,  especially  at  low 
heights  [c.f.  Belrose,  1972;  Swider  and  Narcisi,  1975;  Rcgean  and  Watt,  1976).  While  the  change  from  day- 
to-night  during  the  course  of  an  event  is  partly  due  to  the  changing  spectra  of  precipitating  protons,  the 
dominant  rhange  is  dur  to  a  change  in  electron  loss  rates.  At  night  electrons  are  lost  to  form  negative 

ions.  For  exanvle  during  the  course  of  the  2  November,  1969  event,  see  Figures  36  and  37,  the  height 

where  N  -  103  electrons  cm-3  changed  from  48km  at  noon  on  2  November,  1969  to  72km  at  midnight  on  the 
3  November  (local  time  at  Churchill), 

For  both  solar  flare  events  and  solar  proton  events,  the  increase  in  electron  densities  at 
D-region  heights  (50-B0km)  is  associated  with  a  drastic  reduction  in  electron  loss  coefficient  ^(-“q/Ne^), 
see  Figures  11  and  12,  which,  at  least  for  SPE's  is  associated  with  a  drastic  reduction  in  water  cluster 

ions  and  emergence  of  NCH-  and  02+  ions  as  the  principle  positive  ions  in  the  middle  D-region. 
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5.8  3  HKP  EFFECTS 

High  energy  particle  (electron;  events,  unlike  SXR  flare  and  SPE  events  occur  very  irregularly  in 
both  space  in  time.  Nocturnal  anomalies  in  LE  field  strength  associated  with  changes  in  the  earth's  magnetic 
field  occur  frequently,  even  at  middle  latitudes  [Lauter  and  Sprenger,  1952;  Belrose  1  968).  At  high  'latitudes 
if  the  HEP  event  occurs  during  daytime  on  the  path,  there  is  a  rather  detailed  correlation  between  LF 
propagation  and  auroral  absorption.  Minimum  phase  heights  and  maximum  field  strengths  correlate  with  maximum 
in  auroral  absorption  measured  at  path  midpoint  [Belrose,  1968).  If  the  event  occurs  at  night,  auroral 
absorption  and  changes  in  the  earths  magnitude  are  well  correlated  in  time,  if  not  in  detail,  but  there  is  no 
detailed  correlation  with  IF  propagation.  Phase  and  amplitude  of  LF  signals  fluctuate  more  rapidly,  and 
usually,  the  mean  amplitude  is  depressed  as  well  as  the  phase  height.  These  differences  are  due  in  part  to 
the  localized  nature  of  the  events  (daytime  events  seem  to  be  more  widespread),  and  in  part  to  the  heights 
where  enhanced  election  densities  are  found.  In  Figure  37  we  show  day  and  nighttime  electron  density  profiles 
measured  during  various  HtP  events,  which  are  classified  according  to  the  absorption  observed  on  a  30MHz 
zenith  riometer.  All  events  except  the  7.2<*i  nighttime  event  were  measured  by  in  rockets  by  Jespersen  and 
Landmark  [1968).  The  strong  nighttime  event  was  deduced  by  Hargreaves  [1 980)  from  the  incoherent  scatter 
radar  at  Chatanika,  Alaska,  during  an  auroral  absorption  spike  event.  This  was  the  only  event  of  the  several 
that  be  observed  that  was  sufficiently  wide  spread  to  fill  of  the  beam  of  30MHz  wide  beam  riometer  that  he 
used  to  select  and  classify  the  events. 

Clearly,  during  "usual"  HEP  events,  nighttime  electron  densities  at  100km  can  exceed  day 
E-layer  densities,  and  while  the  ionization  increase  occurs  at  all  heights  throughout  D-region  the  electron 
density  gradient  is  steep,  and  only  small  electron  densities  ai  found  at  h  <  70km;  except  fo>"  very  intense 
spike  events.  During  daytime  large  electron  densities  (greater  by  an  order  of  magnitude  from  normal)  are 
observed  to  heights  as  low  as  60km.  This  difference  is  largely  due  to  the  formation  of  negative  ions  at 
right,  but  also,  except  for  the  nighttime  spike  events,  the  energy  spectra  for  HEP  events  are  ir.  general 
softer  for  nighttime  than  for  daytime  events. 

6.  CONCLUSIONS 

Geophysical  disturbances  affect  the  upper  atmosphere  in  a  very  complex  way.  Even  the  regular 
D-region  is  perplexing;  when  compared  with  the  E-.zyer  where  the  ions  are  primarily  molecular,  consisting  of 
N0+  and  02+.  Recombinations  of  these  ions  are  straight  forward  and  involve  dissociative  recombination 
processes  for  which  rates  are  fairly  well  known.  The  geomagnetic  post  storm  effect  (GPE)  is  one  of  the  many 
phenomena  that  affects  LF  and  MF  field  strenghis,  and  VLF  phase.  Its  persistance  for  several  days  after  the 
storm  is  clear  evidence  for  a  fairly  uniform  precipitation  and  ionization  due  to  energetic  electrons  leaking 
out  of  the  Earth's  radiation  belts.  It  is  also  interesting  to  note  that  during  the  most  intense  of  solar 
geophysical  disturbance,  the  SPE,  D-region  chemistry  is  simplist.  Dynamical  circulation  and  temperature 
effects,  particularly  during  winter  months  have  a  strong  influence  on  electron  production,  due  to  changes  in 
trace  constituents  such  as  NO,  and  on  electron  loss  rates.  There  is  a  strong  temperature  dependance  on 
D-region  ion  composition  which  is  the  reason  for  the  correlation  that  is  sometime  observed  between  D-region 
ionization  densities  and  statospheric  warnings  (Belrose,  1967).  The  C-layer  is  also  not  so  simple  or  first 
thought.  While  the  normal  ionization  rates  are  well  known  to  be  qalactic  cosmic  rays,  the  loss  rates  can 
apparently  be  variable  indicating  that  the  chemistry  for  this  region  is  complicated. 

Special  campaigns,  such  as  the  very  extensive  winter  anomaly  campaign  of  1975/76,  and  the  several 
high  latitude  campaigns  carried  out  in  earlier  years,  have  greatly  increased  our  knowledge  of  the  D-region, 
and  while  the  gross  features  are  well  understood,  there  are  inconsistences  in  the  data  which  prevent  a 
detailed  quantative  interpretation.  Negative  ion  densities  have  not  been  reliably  measured. 
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Fi gure  1 

Collision  frequency-height  profile 
for  30°N  latitude. 


Figure  2 

Collision  frequency- height  profile  for 
45nN  latitude. 


Figure  3 

Fi gure  4 
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Diurnal  variation  of  VL 1  (16kH/)  phase  height  of 
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reflection  for  the  Rugby-Cambridge  transmission 
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Figure  21 

Averaged  electron  densil.,  height  profiles 
over  Ottawa,  Churchill  and  Resolute  Bay, 
in  March  1965  (quiet  sun) 


Figure  12 

Electron  density  heigh  profile  over  Annidale  N.S.W. , 
for  night,  dawn  and  daytime  periods  in  l%3-65 
[after  Smith  et,  al.,  1967c], 


Figure  Z'i 

Electron  density  height  profiles  at  sunrise 
(x  n,  90°)  measured  by  different  techniques, 
places  and  times. 


Figure  24 

Ratio  meter  records  (Ax/Ao  at  76km)  for  a  2.66MHz 
partial  reflection  experiment  at  Ottawa,  Ontario 
on  two  selected  days  in  December.  Note  the 
variation  over  dawn  (solar  zenith  angles  of 
90  and  60°  are  marked).  The  lower  record 
(28  December,  1973)  is  considered  to  be 
typical,  the  upper  record  (30  December,  19/2) 
is  unusual  in  that  the  dawn  development  of 
C-layer  was  not  observed. 


Figure  26 

Diurnal  variation  of  electron  densities  at  fixed 
heights  over  Ottawa,  for  selected  quiet  periods 
in  March  1971 . 
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Figure  26 

Day-to-day  variation  of  Ax/Ao  at  76km  for  a 
2,66  MHz  partial  reflection  experiment  at 
Ottawa,  averaged  midday  values  for  the  winter 
of  1969-70.  the  magnetic  index  Ap  and  10.7 cm 
solar  flux  values  are  also  plotted  on  the 
figure. 
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During  the  period  May  1976-October  1978,  a  series  of  coordinated  measurements  of  the  D  region  above 
Raleigh,  N.  0.  were  carried  out  at  a  frequency  of  2.66  MHz.  Four  experiments  were  performed.  The  first 
experiment  was  concerned  with  the  validity  of  the  Randomly  Phased  Angular  Spectrum  ( RPAS )  approximation 
which  is  central  to  the  measurement  of  ionospheric  winds.  Our  results  show  that  for  D  region  echoes  the 
RPAS  approximation  is  valid.  The  second  experiment  utilized  measurements  of  the  complex  spatial  correla¬ 
tion  coefficient  of  D  region  echoes  to  estimate  the  half  power,  half  cone  angle  of  arrival  of  D  region 
echoes.  The  mean  half  cope  angle  was  found  to  increase  between  68-80  kilometers  and  then  to  remain 
constant  at  a  value  of  13°.  Above  80  kilometers  the  variance  of  the  angle  of  arrival  increased  with 
altitude.  The  implications  of  these  cone  angle  measurements  on  the  accuracy  of  D  region  electron  density 
profiles  measured  by  the  "partial  reflection"  technique  are  discussed. 

A  series  of  carefully  screened  noon-time  values  of  D  region  electron  density  profiles  derived  from 
the  "partial  reflection"  technique  have  been  analyzed  to  determine  seasonal  variations  of  electron 
density  over  the  altitude  range  68-88  kilometers.  Examples  of  days  of  anomalous  winter  absorption  are 
clearly  evident. 

Amplitude  distribution  of  D  region  echoes  were  analyzed  by  means  of  a  Chi-squared  test  and  found  to 
support  the  hypothesis  that  the  echoes  were  drawn  from  a  Rayleigh  population.  We  take  this  result  and 
the  fact  that  D  region  echoes  are  continuous  with  altitude  as  evidence  that  the  source  of  D  region  echoes 
is  volume  backscattering  from  fluctuations  of  refractive  index. 

introduction 

The  goals  of  the  program  were  to  determine  the  characteristics  of  D  region  (60-90  kilometers) 
backscattering  and  the  effects  of  these  characteristics  upon  the  accuracy  of  experimentally-derived  D 
region  electron  density  profiles  and  D  region  "winds."  Particular  goals  wert: 

(1)  The  investigation  of  the  validity  of  the  randomly  phased  angular  spectrum  approximation  (hereafter 
abbreviated  RPASA ) . 

(2)  Measurements  of  the  cone  angles  of  arrival  of  D  region  echoes  and  the  effects  of  the  cone  angles  on 
the  accuracy  of  0  region  electron  density  profiles  measured  by  the  partial  reflection  technique. 

(3)  Measurements  of  noon  time  values  of  C  region  electron  density  profiles  to  establish  the  seasonal 
variation  of  D  region  electron  densities. 

(4)  The  examination  of  the  amplitude  distribution  of  D  region  echoes. 

The  Validity  of  the  RPASA 

The  electric  field  intensity  nf  waves  backscattered  from  the  Ionosphere  can  be  described  by  an 
angular  spectrum  of  plane  waves.  The  Fourier  transform  of  this  angular  spectrum  is  the  spatial  corre¬ 
lation  function  of  the  field  intensity  measured  ir.  the  observation  plane.  The  spatial  cross  correlation 
function  is  defined  by  an  ensemble  average: 

R ( J  =  <  t*  )> 

In  the  theory  applied  to  ionospheric  drift  -..easurements,  it  is  assumed  that  the  spatial  cross 
correlation  function  is  independent  of  x  and  y  which,  if  true,  implies  that  non-zero  electric  fields 
exist  over  an  infinite  plane.  One  can  therefore  hypothesize  that  the  process  is  ergodic  and  that  a 
spatial  average  is  equivalent  to  an  ensemble  average.  Consequently: 

R(  £>*,  £,  1, 

Equation  (lb)  is  cleaVly  independent  of  x  and  y.  In  all  of  the  preceding,  it  has  been  assumed  that 
the  process  is  stationary  in  a  temporal  sense  so  that  the  results  are  independent  of  the  absolute  time. 


in  the  usual  realization  of  the  ionospheric  drift  experiment,  measurements  from  at  least  three  spaced 
receivers  are  used  to  deduce  the  spatial  cross  correlation  function  from  a  temporal  average: 

A, fix  y,  A.^,0  -  YrJr  f  hx)di 


It  should  be  clear  that  equation  (2)  has  an  explicit  dependence  on  the  absolute  position,  (x,  y,  z), 
as  well  as  Ax  aridiy.  Nonetheless,  .  xprnmenters  equate  equations  (1)  and  (2).  One  can  show  that  the 
only  way  this  can  ue  true  is  it  the  angular  spectrum  is  randomly  phased--that  is,  if 


wnere  cue  overbar  indicates  a  temporal  average  and  F{$ is  a  component  of  the  angular  spectrum  of 
plane  waves  having  complex  amplitude  ^  t )  ot  S,  cJ5%,  traveling  iri  a  direction  specified  by  direction 
cosines  s.^r. i  Sj  where:  *  ^ 


...(4) 


One  can  also  show  that  no  physically  realizable  angular  spectrum  can  be  exactly  randomly  phased,  Dut  that 
a  spectrum  may  be  approximately  randomly  phased  so  that  equating  (2)  and  (1)  may  be  justified  for 
relatively  small  V’lues  of  Ax  andAy, 

how  that  we  have  attempted  to  formalize  the  problems  in  mathematical  terms,  it  is  instructive  to  cast 
the  problem  in  physical  terms.  What  we  really  require  is  that  the  spatial  cross  correlation  function  is 
approximately  independent  of  the  absolute  position  of  the  measurement  system--that  is,  that  the  RPASA  is 
approximately  satisfied.  The  spatial  correlation  function  should  not  be  a  strong  function  of  the 
absolute  position  of  the  receivers.  One  way  to  check  this  approximation  is  to  measure  the  spatial 
cross-correlation  function  at,  say,  one-half  wavelength  separation  at  a  number  of  absolute  positions, 
and  see  just  how  "equal"  they  are. 

There  has  been  only  one  experimental  investigation  of  the  validity  of  the  RPASA.  von  Biel  (1969) 
developed  a  technique  to  measure  the  spatial  correlation  of  the  complex  fields  reflected  from  the 
ionosphere.  Using  near  normal  incidence  echoes,  von  Biel  concluded  that  D  region  echoes  at  his  location 
(New  Zealand)  did  not  have  a  randomly  phased  angular  spectrum. 

Von  Biel's  technique  was  implemented  at  Raleigh,  N.  C.  with  a  125  kilowatt  (peak  pulse  power),  2.66 
Mhz  transmitter,  a  circularly  polarized  transmitting  array  and  a  receiving  array  of  5  co-linear,  horizon¬ 
tal  dipoles  whose  feed  points  were  spaced  one-haif  wavelength  apart.  The  polarization  of  the  transmit¬ 
ting  array  could  be  switched  in  the  interpulse  period  from  left  to  right  hand  circular  and  the  array  was 
equipped  with  a  T-R  switch  for  use  in  a  D  region  "parti al-refl ection"  experiment.  In  the  experiments  to 
be  described  herein,  the  von  Biel  phasing  networks  were  switched  on  a  pul se-to-pul se  basis  between  pairs 
of  dipoles  separated  by  one-half  wavelenth  (RPASA  experiment)  or  between  pairs  of  dipoles  separated  by 
increasingly  larger  multiples  of  one-half  wavelength  (CONE  ANGLE  experiment).  Echo  amplitudes  were 
sampled  for  each  transmitted  pulse  at  2  kilometer  intervals  between  60  and  98  kilometers  altitude. 

These  samples  were  digitized  with  an  eight  bit  A/0  converter  and  stored  on  magnetic  tape  for  later  data 
processing. 

1 . 0  Random  1  y  Phased  Angular  Spectrum  Expe riment 

A  necessary  condition  for  the  validity  of  the  RPASA  is  that  measured  values  of  the  complex  correla¬ 
tion  coefficient  be  a  function  only  of  the  separation  between  the  two  sample  points  and  not  of  the 
absolute  positions  of  the  sampling  points.  The  receiving  array  of  five  dipoles  spaced  one-half  wave¬ 
length  apart  enabled  four  determinations  of  the  complex  correlation  coefficient  for  half  wavelength 
separations  over  a  range  of  absolute  positions  which  extended  to  two  wavelengths. 

Variations  in  the  four  correlation  measurements  could  hr  caused  by  sampling  errors,  noise  and 
interference,  or  a  true  position  dependence.  An  error  analysis,  lurner  (197/),  showed  that  unless  the 
signal  to  interference  ratio  was  very  high,  the  phase  of  the  measured  correlation  function  was  subject  to 
serious  error.  Furthermore,  at  large  separation  distances,  where  the  magnitude  of  the  correlation 
function  is  small,  relatively  low  levels  of  interference  can  cause  large  errors  in  the  measurement  of  the 
magnitude  of  the  correlation  function.  For  signal  to  interference  ratios  of  greater  than  10  db  and  for 
separations  such  that  the  magnitude  of  the  true  correlation  was  not  small,  the  effect  of  interference  on 
the  measured  magnitude  of  the  correlation  function  was  found  to  he  tolerable. 

Records  taken  on  days  of  exceptionally  low  interference  levels  showed  that  reducing  the  averaging 
time  from  20  minutes  to  5  minutes  produced  changes  of  less  than  Tt  in  magnitude  of  the  correlation 
coefficient.  Data  processing  was  restiicted  to  records  of  20  minutes'  duration  at  altitudes  where  the 
signal  to  interference  ratio  was  at  least  10  db.  Some  measurements  of  the  phase  as  well  as  the  magnitude 
of  correlation  coefficient  fot  half  wavelength  separations  were  obtained  on  days  of  exceptionally  low 
interference  levels  and  one  example  will  be  shown  and  discusseo. 

1.1  E  Region  Tests_of  System  Operation 

Echoes  from  a  quiet  E  region,  characterized  by  very  slowly  fading,  large  amplitude  echoes  from  a  very 
res^icted  range  of  altitudes,  were  used  to  test  system  operat-’on.  Figure  1  is  a  plot  of  the  magnitude 
and  phase  of  the  complex  correlation  function  of  an  echo  from  a  quiet  E  region.  Iho  correlation  coeffi¬ 
cient  was  evaluated  for  spacings  of  >  and  2^  and  the  individual  data  points  have  been  connected 

by  straight  lines.  2  ~m>- 

The  magnitude  of  the  correlation  function  is  essentially  unity  at  -ill  the  observed  spacings,  consis¬ 
tent  with  a  nearly  specular  reflection  from  the  F.  region.  The  phase  plot,  on  the  other  hand,  is  quite 
irregular.  Since  the  average  specular  E  region  returns  are  expected  to  be  vertically  incident,  eight 
phase  plots  of  quiet  E  region  echoes  were  averaged  to  produce  a  plot  of  phase  offset  with  respect  to  the 
reference  antenna.  (The  average  phase  offsets  were  similar  to  a  contour  plot  of  the  field  site).  When 
the  average  phase  offsets  were  subtracted  from  the  phases  plotted  in  Figure  1,  the  resulting  phase  plot 
was  linear  with  separation  distance  and  corr  stent  with  an  apparent  zenith  angle  of  0.45  degrees.  (The 
corrected  phase  plot  is  also  shown  in  Figure  1). 

E  region  tests  (made  with  very  high  signal  to  interference  ratio  echoes)  are  evidence  that  the 
experimental  system  £an  measure  "EKe  complex  correlation  function  of  the  incident  fields. 

1.2  D  Region  Resul ts 

Data  acquired  during  the  period  May  19/6  through  October  19/6  consisted  of  20  minute  data  runs  taken 
around  local  noon  with  a  pul  sc  repetition  frequency  of  16  Hz.  A  summary  of  the  correlation  measurements 
as  a  function  uf  altitude  is  presented  in  Table  1.  The  quantity  PSD  (percent  standard  deviation)  dpfined 
by: 


P5D--  £,,*7. 


.(5) 


where  M  and  <T  are  the  means  and  the  rms  fluctuation  about  that  mean  for  each  data  run.  O'  and  the  PSD 
are  used  only  as  a  measure  of  the  variability  of  the  four  measured  values  of  the  correlation  function  for 
that  run. 

In  Table  1,  N  is  the  number  of  Individual  20  minute  observations  at  each  altitude  for  which  the 
signal  to  interference  ratio  was  greater  than  10  db  and  M  and  PSD  are  the  averages  of  the  N  means  and  N 
PSDs  at  each  altitude.  The  largest  PSD  value  at  each  altitude  is  also  shown.  It  should  be  noted  that 
for  altitudes  of  68-78  kilometers,  the  largest  PSD  is  the  result  of  the  same  20  minute  observation.  The 
low  values  of  the  average  PSD  (F5u)  indicate  that  the  remaining  PSDs  were  much  lower  for  altitudes  with  N 
jreater  than  unity. 

The  mean  values  of  correlation  magnitudes  obtained  over  the  five  month  period  are  listed  for  refer¬ 
ence  only.  Measurements  were  taken  around  noon  local  time,  but  the  seasonal  variation  in  solar  zenith 
angle  could  have  affected  the  outcome  of  the  measurements.  The  acquisition  of  data  was  governed  by 
interference  levels,  and  data  could  not  be  regularly  obtained  on  a  day-to-day  basis.  Thus,  seasonal 
patterns  in  the  correlation  measurements,  if  present,  would  not  be  evident.  The  "standard  deviations1' 
listed  in  Table  i  serve  only  to  illustrate  the  spread  of  the  values  from  which  the  averages  were 
obtai ned. 

The  PSD  for  the  one  20  minute  observation  at  78  km  was  the  only  observation  which  could  not  be 
explained  on  the  basis  of  the  prevailing  signal  to  interference  ratio.  Therefore,  it  seems  reasonable  to 
conclude  that,  within  experimental  error,  the  magnitude  of  the  spatial  correlation  coefficient  for  normal 
incidence  D  region  echoes  at  Raleigh  is  essentially  independent  of  the  absolute  position  of  the  receiving 
antennas. 

To  the  extent  that  the  magnitude  of  the  correlation  function  is  independent  of  position,  the  RPASA  is 
valid.  However,  the  phase  of  the  correlation  function  has  not  been  shown  to  be  independent  of  position 
since,  except  on  relatively  rare  occasions,  the  signal  to  interference  ratio  of  D  region  echoes  was  not 
large  enough  to  permit  reliable  phase  measurements  to  be  made.  An  example  of  one  such  rare  occasion  on 
which  phase  measurements  were  possible  is  shown  in  Figure  2. 

In  Figure  2,  the  magnitude  of  the  correlation  coefficient  for  each  pair  of  observing  stations  at  each 
altitude  are  closely  grouped,  as  might  be  expected  for  complex  correlation  functions  which  are  indepen¬ 
dent  of  position.  The  phase  plots  have  the  same  form,  but  there  are  obvious  offsets  between  them.  The 
significance  of  the  phase  "offsets"  has  already  been  discussed.  The  similarity  of  the  phase  plots  is 
indicative  of  the  fact  that  interference  levels  were  well  below  D  region  echo  levels  on  this  occasion. 

We  conclude  that  D  region  echoes  satisfy  the  RPASA  in  a  local  sense--that  is,  over  distances  of  at  least 
the  RPASA  is  satisfied  and  equating  equations  (1)  and  (2)  seems  valid  in  the  Raleigh  area. 

2 .  Cone  Angle  of  Arrival  uf  D  Region  Echoes 

The  array  of  five  dipole  antennas  and  the  validity  of  the  RPASA  make  possible  the  estimation  of  the 
half  power  width  of  the  angular  power  spectrum.  The  angular  spectrum  is  denoted  by: 


I  Fcs.^s^-Oj’  dS,  c/Sn_ 

with  direction  cosines  between  Sj,  S.,,  and 


-  power  density  associated  with  plane  waves 
S,tc/S,  and  Sc 


The  angular  power  spectrum  and  the  spatial  correlation  function  are  Fourier  transform  pairs.  Assume 
that  the  two  dimensional  correlation  function  is  isotropic  and  is  of  the  form: 

f(6X,Aipzr  R(&x,{pj,o)  _  Bzrz] 

1  I  o,  o,  o) 

The  one  dimensional  (isotropic)  angular  power  spectrum  is: 

iFcs,«r=  (jJ+H-tq-y) 

where  if"(S,£)/is  the  angular  power  spectrum  of  the  backscottered  echoes  as  a  function  of  s,  the  sine  of 
the  zenith  angle.  Wo  define  the  half  power  width  of  the  angular  spectrum  by; 


i  t-  )  | 

...(8) 

— .  .  -  O.K 

where  ^ 7 —  1  O. 

...(9) 

Least  squared  fits  of  the  experimentally  determined  spatial  correlation  functions  for  separations  of  7) 
were  made  to  estimate  the  parameter  B  in  equation  (6)  and  these  estimates  used  tu  determine  the  half  i' 
power  .ingle  of  D  region  echoes  from  equation  (9). 


Turner's  (1977)  analysis  of  the  effects  of  interference  on  the  determination  of  the  magnitude  of  the 
spatial  correlation  evaluated  at  large  separations,  where  the  magnitude  value  may  be  low,  showed  that  the 
correlation  value  is  likely  to  be  in  error  due  to  interference.  Almost  all  values  of  the  magnitude  of  D 
region  spatial  correlation  coefficient  ac  the  two  wavelength  separation  were  too  low  to  us.  i ri  the  least 
squared  fitting  procedure. 
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Figure  3  is  a  plot  of  the  measured  magnitude  and  phase  of  the  spatial  correlation  function  at 
altitudes  of  68,  72,  and  76  kilometers  on  one  occasion.  It  is  not  an  atypical  set  of  curves  but  phase 
measurements  could  be  made  only  on  rare  occasions.  Note  that  the  76  km  data  imply  the  widest  angular 
spectrum.  The  rms  error  in  fitting  the  data  points  for  the  72  km  at  and  2X  was  .623.  The 

possible  rms  error  caused  by  interference  was  estimated  to  be  .058.  SlnceThe  error  in  the  curve  fit  is 
less  than  might  be  expected  due  to  interference,  (61  is  said  to  be  a  "good"  fit  to  the  72  kilometer 
correlation  data  and  the  cone  estimate  is  likewise  classified  "good."  Because  similar  error  values  were 
found  for  many  other  spatial  correlation  curves,  it  was  concluded  that  (6)  is  adequate  for  cone  angle 
estimation. 

Equation  (7)  predicts  signals  from  angles  which  are  larger  than  is  physically  possible.  We  expect 
the  Gaussian  approximation  to  the  true  angular  spectrum  will  fail  at  large  zenith  angles.  The  experi¬ 
mental  data,  to  be  presented  next,  indicate  half  power  spectral  widths,  ©,/t.  oi  less  than  25  degrees  so 
that  truncation  of  the  angular  spectrum  atf)  =  90  degrees  should  cause  no  serious  errors. 

2.1  Cone  Angle  Experimental  Results.  The  cone  angle  of  arrival  data  obtained  from  D  region  measurements 
made  around  local  noon  during  the  period  May  1976  through  October  1976  are  plotted  in  Figure  4.  For  each 
altitude,  Table  II  lists  the  following: 

N  =  number  of  cone  angle  estimates  at  each  altitude 
mean  of  the  N  estimates  of  each  altitude 
(T/v  ■  standard  deviation  of  the  N  estimates 

rwi  =  largest  of  the  N  estimates  of  the  half  power  width  at  that  altitude. 

The  most  striking  feature  of  Figure  4  and  Table  11  is  the  rapid  rise  in  cone  angle  between  68  and  78 
kilometers.  Most  of  the  data  below  78  kilometers  were  obtained  with  X  wave  polarization  because  of  the 
generally  stronger  X  wave  returns  at  lower  altitudes,  lhe  increase  in  cone  angles  between  68  and  78 
kilometers  Is  caused  at  first  by  the  increase  in  effect! re  scattering  volume  and  then  by  the  rapid  rise 
in  X  wave  absorption  which  causes  the  X  wave  amplitude  to  decrease  with  increasing  altitude.  Conse¬ 
quently,  stronger  X  wave  echoes  at  lower  altitudes  (  and  larger  zenith  angles)  tend  to  dominate  the 
measurement  so  that  over  the  range  72-78  kilometers,  the  rone  angle  of  arrival  increases. 


Above  82  kilometers,  where  both  the  X  and  G  wave  amplitudes  increase  with  altitude,  the  mean  cone 
angle  is  approximately  constant  at  12-13  degrees  but  tu  standard  deviation,  07/ 1_, increases  wTW  alti¬ 
tude.  Nolo  that  the  higher  altituue  data  have  very  high  signal  t.c  interference  ratios  so  that  inter¬ 
ference  Is  not  the  cause  of  the  increased  cone  ingle  variability  at.  the  higher  altitudes. 

2.2  Effects  of  Cone  Angle  Results  on  t_a  Partial  .aflection  Experiment 

D  region  echoes  are  frequently  ass  ...ed  to  '  se  from  a  horizontal  slab  centered  at  a  height  R  of 
thickness  L-  iT  where  c  is  the  vacuum  veloc’1-  light  .,nu  T  is  the  pulse  duration.  Because  of°thc 
curvature  of*the  wave  front,  not  all  of  tfu  :  . .tering  volume  is  contained  within  the  slab.  The  per¬ 
centage  of  the  scattering  volume  contained  ’  .  a.e  horizontal  slab  is  most  important  in  assessing  altitude 
"smearing." 

Cross  sections  of  two  scattering  vc’umi  are  shown  in  Figure  5.  The  volumes  are  portions  of  spheri¬ 
cal  shells  of  thickness  L,  The  soni angular  extent  of  the  shells  is  Poland  the  figure;  illustrates  the 
cases  and  9a  where  P*  is  the  .ingle  at  which  the  outer  edge  of  the  sphencal  Shell  is  at  the 

height  of  the  bottom  of  the  horizontal  slab. 

It  can  be  shown  that  for  2-4  km  rpatially  extended  pulses  in  the  D  region,  as  the  cone  angle 

approaches  ©«  .approximately  507.  of  the  scattering  volume  lies  at  altitudes  below  the  horizontal  slab  and 

significant  altitude  smearing  is  present.  The  cone  angle  data  of_thc  previous  section  suggest  that,  for 
X  waves,  increased  altitude  smearing  is  present  at  ranges  where  fl,  decreases  with  altitude.  Conse¬ 
quently,  regions  where  .Jft.is  negative  can  oresent  problems  for  the  partial  reflection  experiment. 

2.3  Wide  Cone  Angles  and  Electron  Density  Minima. 

One  of  the  goals  of  this  research  was  to  identify  possible  causes  of  erroneous  electron  density 
profiles.  Two  electron  density  profiles  obtained  by  the  "partial  reflection  technique"  (Belrose  &  Burke, 
1964)  are  illustrated  in  cigure  6  and  Figure  7.  The  local  minima  in  electron  density  at  78  km  and  80  km 
are  the  portions  of  the  profiles  in  question.  Minima  which  occur  below  72  km  are  not  questioned  because 
of  possible  inaccuracies  in  the  ratio  measurements  caused  by  interference. 

Consider  the  curve  of  Figure  6.  X-wave  cone  angle  measurements  are  shown  on  the  plot.  Note  the  22.3 

degree  cone  angle  at  78  km  where  the  electron  density  minimum  occurs.  A  much  deeper  minimum  is  shown  in 

Figure  /  at  80  km.  An  X-wave  cone  angle  measurement  at  00  km  was  not  available  for  the  data  in  Figure  7, 
but  the  cone  angle  had  already  reached  2U.7  degrees  at  78  kilometers.  The  implication  of  these  figures 
is  that  local  minima  in  electron  density  profiles  can  result  from  oblique  X-wave  echoes  and  altitude 
smearing.  These  oblique  X-wave  echoes  are  frequently  associated  with  regions  where  the  X-wave  amplitudes 
decrease  with  increasing  altitude  while  0-wave  amplitudes  tend  to  increese  with  altitude. 

While  we  can  frequently  associate  minima  in  electron  density  profiles  with  minima  in  X-wave  ampli¬ 
tude,  this  is  not  always  the  case  will  be  seen  in  a  later  section.  The  fact  remains,  however,  th.it 
differential  scattering  volumes  foi  the  X  and  0  waves  are  a  real  source  of  error  in  lhe  partial  reflec¬ 
tion  experiment  and  these  differences  are  emphasized  in  regions  where  the  extraordinary  wave  amplitude 
decreases  with  increasing  altitudes. 
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3.  Seasonal  Variation  of  Noon  Tire  D-Region  Profiles 

Extensive  partial  reflection  measurements  {Belrose  and  Burke  1964)  were  made  during  the  period 
November  1976  -  June  1978.  The  125fc«r'pulse  transmitter  generated  25  microsecond  pulses  with  repetition 
rates  of  either  8  or  16  pulses  per  second.  The  2x2  array  of  crossed  dipoles  capable  of  switching  between 
the  X  and  0  modes  was  used  for  both  transmission  and  reception. 

The  receiver  had  a  100  kiloherz  bandwidth  and  a  special  wide  dynamic  range  envelope  detector;  the 
linearity  of  the  overall  receiver  was  tested  under  operating  conditions  and  found  to  be  within  0.5  db 
over  a  5C  ob  dynamic  range.  Furthermore,  the  receiver  employed  a  programmable  gain  IF  amplifier — the 
gain  could  be  changed  in  less  than  13  microseconds,  the  time  between  samples  at  every  two  kilometers,  and 
wac  used  to  prevent  saturation  from  the  stronger  echoes  at  the  higher  altitudes. 

A  digital  logic  unit  controlled  the  transmitter,  receiver  gain,  and  data  acquisition.  This  unit 
sampled  the  returns  from  each  transmitted  pulse,  converted  the  amplitudes  to  an  eight  bit  word  and  stored 
the  samples  on  magnetic  tape  for  later  processing.  Each  pulse  return  was  sampled  every  2  kilometers 
between  60  and  98  kilometers. 


All  data  were  collected  with  an  operator  present  although  the  digital  logic  unit  rade  it  possible  to 
collect  data,  automatically,  at  preset  times.  He  elected  "operator  on  site"  data  collection  to  avoid 
taping  large  quantities  of  invalid,  useless  “data."  In  order  to  aid  the  "on-site  operator"  and  to  guide 
him  in  his  decision  to  record  echo  amplitudes  on  tape,  circuitry  was  added  which  caused  a  small  light  to 
flash  on  each  pulse  for  which  interference  levels  were  too  high  for  "valid  data."  There  were  many 
occasions  of  potential  noon-time  data  runs  when  the  “invalid  data"  light  flashed  sc  frequently  that  the 
digital  tape  recorder  was  not  activated. 

The  data  were  handled  in  ten  minute  lengths  and  were  subjected  to  extensive  screening  procedures. 
Records  were  rejected  if  the  signal-to-interference  ratio  was  less  than  10  db  at  too  many  altitudes  or  if 
saturation  effects  (A/0  counts  greater  than  250)  were  excessive.  The  time  lagged  auto  correlation 
function  was  also  used  to  screen  the  data  at  low  altidudes.  If  the  normalized  auto  correlation  function 
at  .25  second  lag  was  less  than  0.75,  data  at  that  altitud"  was  rejected.  Finally,  each  "run"  had  to 
have  acceptable  O  and  X  wave  data  over  at  least  a  10-12  kilometer  altitude  interval  before  the  data  were 
inverted  for  electron  density  profiles. 

Operator  screening  on  site  and  the  data  processing  screening  outlined  above  resulted  in  75  days  of 
acceptable  partial  reflection  data.  While  the  majority  of  these  days  had  at  least  three  contiguous,  or 
nearly  so,  data  runs,  some  days  had  only  one  valid  10  minute  run. 

3.1  Calculation  of  Electron  Density  Profiles 

The  theory  of  the  partial  reflection  technique  (Belrose  and  Burke,  1964;  Flood,  1968)  leads  to  the 
following  expression: 


where  P(h)  is  the  square  root  of  the  ratio  of  the  back scattering  cross  section, 
per  unit  volume  of  the  X  wave  to  that  of  the  0  wave 
^  X  is  the  free  space  wave  length 

/v\„,0  is  the  Imaginary  part  of  the  refractive  index  of  the  extraordinary  or 
ordinary  wave. 

^  ■ean  amplitude  of  the  X  (0)  return  at  a  range  h. 

If  the  operating  frequency  is  much  greater  than  plasma  frequency,  as  Is  the  case  for  2.66  Mhz  and 
D„rf^,on  densities,  the  modal  refractive  indices  are  nearly  linear  functions  of  electron  density 
and  the  Q-L  approximation  to  the  Sen  Wyller  equations  (Flood,  1980)  can  be  useful  for/)/*  and /h^  . 
Expressions  for  P(h)  and/*«  are  given  in  Appendix  A. 


Taking  the  natural  logarithm  of  both  sides  of  equation  (10)  results  in  an  equation  which  can  be 
readily  inverted  by  means  of  a  least  squared  fit  to  a  polynomial  approximation  to  the  electron  density 
profile.  All  of  the  screened  10  minute  data  runs  were  inverted  via  this  technique  to  produce  electron 
density  profiles.  The  order  of  the  polynomial  approximation  to  the  electron  density  profiles  was  never 
greater  than  one  half  the  mmtoer  of  data  attitudes.  On  the  many  days  when  several  successive  acceptable 
data  runs  were  available,  the  electron  density  profiles  for  each  10  minute  period  were  averaged  to 
produce  one  average  noon- time  profile  for  that  day.  A  large  number  of  test  cases  were  evaluated  to  see 
If  there  were  differences  between  an  average  of  three  successive  electron  density  profiles  and  the 
electron  density  p.-ofile  determined  from  an  average  of  three  successive 51/- profiles.  While  there  were 
differences,  they  were  decidedly  minor.  'A* 


There  are  some  significant  observations  which  can  be  made  at  this  point.  When  Individual,  succes¬ 
sive,  electron  density  profiles,  based  on  10  minute  averages,  showed  pronounced  minima  in  electron 
density,  the  electron  density  profile  computed  from  a  30  minute  average  of^/jalso  showed  a  pronounced 
electron  density  minimum.  When  electron  density  profiles  based  on  10  ainute  averages  showed  slight 
minima,  the  average  of  the  three  profiles  might  show  no  minima  at  all  or  might  even  show  a  slightuninimum 
at  some  other  altitude.  The  electron  density  profile  derived  from  a  single  3D  minute  average  of  #✓/£ 
could  equally  well  show  a  slight  minimus  at  a  completely  different  altitude.  While  slioht  minima  in  10 
minute  profiles  produced  average  profiles  with  either  no  or  slight  minimum  in  the  average  30  minute 
profile,  deep  minima  in  individual  profiles  were  reproduced  in  the  30  minute  profile.  We  take  this  to 
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mean  that  deep  minima,  frequently  associated  with  regions  where^A^is  negative,  may  be  caused  by 
altitude  smearing,  but  the  slight  minima  are  often  artifacts  of  the  data  processing  procedures. 

The  7b  days  of  acceptable  noon  time  profiles  were  fortunately  almost  equally  divided  among  the  four 
seasons  of  the  year.  The  seasonal  means  and  their  standard  derivations  are  tabulated  in  Table  IV  and 
plotted  in  figures  8  and  9.  Figure  10  shows  the  profiles  associated  with  summer,  winter  and  spring/fall 
averages . 

The  measurements  shown  in  Figures  8  and  9  indicate  that  at  a  mid-latitude  station  while  there  is  a 
difference  in  summer  and  winter  electron  densities  above  78  kilometers,  it  is  difficult  to  find  a 
difference  below  78  kilometers.  This  Is  not  surprising  in  view  of  the  solar  control  at  altitudes  above 
78-80  kilometers.  Further  support  for  this  conclusion  is  provided  by  Figure  9  which  indicates  that  the 
spring  and  fall  electron  densities  are  essentially  Indistinguishable  and  that  above  78  kilometers,  mean 
equinoctial  electron  densities  lie  between  the  means  of  the  summer  and  winter  prof il es .77, ^  seasonal 
variation  of  electron  densities  above  78  kilometers  is  clearly  evident. 

While  processing  the  winter  day  data,  five  days  were  found  which  had  obviously  high  electron  densi- 
ties--possibly  indicative  of  anomalous  winter  absorption.  The  electron  density  profiles  for  these  days 
are  shown  in  Figure  11  where  the  mean  values  of  electron  density  are  clearly  greater  than  the  average 
winter  profile  +  one  standard  deviation.  If  these  are  indeed  "days  of  anomalous  winter  absorption," 
they  differ  somewhat  from  some  previously  reported  examples  of  anomalous  winter  absorpt1on--the  electron 
densities  are  only  2-4  times  the  average  electron  densities  at  these  altitudes. 


Amplitude  Distributions  of  D  Region  tchoes 


Fiend  (1968)  proposed  that  D  region  echoes  were  caused  by  scattering  from  volume  distributed  refrac¬ 
tive  index  fluctuations.  If  this  mechanism  is  operative,  the  amplitudes  of  the  echoes  should  be  Rayleigh 
distributed.  The  Rayleigh  probability  density  function  is: 


\>a 0  =  A  W.  Az  ) 

O'1  {  zer1  J 


where  p(A)  dA  is  the  probability  that  the 
signal  amplitude  is  between  A  and  A  +  dA. 

The  data  analyzed  consisted  of  10  minute  runs  during  which  the  transmitted  and  received  polarizations 
were  changed  on  successive  pulses  from  right  to  left  circular  ("ordinary,"  and  "extraordinary,"  respec¬ 
tively).  For  each  transmitted  pulse,  the  return  signals  were  sampled  at  2  kilometer  Intervals  over  the 
range  60  to  98  kilometers.  Amplitude  distribution  histogcams  were  computed  for  both  ordinary  wave  and 
extraordinary  wave  polarizations  although  X  wave  measurements  dominate  the  lower  altitude  measurements. 

At  a  typical  prf  of  8  pulses  per  second,  a  total  of  2,400  "o"  and  "X"  wave  returns  were  available  for 
each  10  minute  period.  The  data  were  screened  for  noisy  and  saturated  returns  at  each  altitude.  These 
restrictions  effectively  set  the  lowest  altitude  for  which  valid  data  was  available  at  70  kilometers. 

The  data  samples  at  each  altitude  were  normalized  to  the  sample  mean  value  and  "eight-bin"  histograms 
were  computed.  The  Chi-squared  hypothesis  test  using  six  degrees  of  freedom  (the  amplitudes  had  been 
normalized  to  the  mean  value  of  the  data  run)  was  applied  to  the  histograms.  Acceptance  or  rejection  of 
the  Rayleigh  hypothesis  was  set  at  the  10%  level;  i.e.,  the  probability  that  the  differences  between  the 
observed  (data)  distribution  of  amplitudes  and  that  expected  from  a  true  Rayleigh  distribution  could  be 
caused  by  sampling  error  is  less  than  10%. 

A  summary  of  the  Chi -squared  test  results  is  shown  in  Table  IV.  The  notation  in  the  table  is: 

ALT  =  altitude  in  kilometers 

N  =  number  of  screened  10  minute  observations  at  that  altitude 

CLX  =  mean  confidence  limit  of  the  N  observations 

N  10%  =  number  of  10  minute  observations  that  were  rejected  at  the  10%  level  as  not  being  drawn 
from  a  Rayleigh  population. 


Summary  of  Table  5  Chi -Squared  Results 


ALT 

70 

72 

74 

76 

78 

80 

8? 

84 

86 

N 

20 

23 

25 

23 

26 

25 

23 

24 

23 

CLX 

42 

39 

44 

39 

41 

44 

51 

41 

42 

N  10X 

2 

4 

2 

6 

2 

2 

1 

1 

2 

It  should  be  noted  that  although  the  Rayleigh  hypothesis  was  accepted  or  rejected  on  the  10%  level, 
the  average  confidence  level  at  each  altitude  was  at  least  39%.  Consequently,  there  is  a  39%  probability 
that  the  differences  between  the  observed  distributions  and  Rayleigh  distributions  were  caused  by 
sampling  error.  We  take  this  as  strong  support  for  the  hypothesis  that  the  source  of  D  region's  back  • 
scatter  is  scattering  from  volume  distributed  fluctuations  of  refractive  index. 


Summary  and  Conclusions 


In  the  order  in  which  we  posited  the  goals  of  this  program,  we  have  found  that: 

1.  The  RPASA  is  valid  provided  the  separation  between  observation  points  is  not  much  greater  than 

2  .  While  the  RPASA  may  hold  for  larger  separations,  we  have  not  validated  it  for  such  separations. 

Host  of  the  ionospheric  drift  experiments  do  not  use  larger  separation  of  the  receiving  antennas. 

2.  The  cone  angle  of  arrival  of  U  region  echoes  increases  to  a  mean  value  of  13°  over  the  altitude 
range  70-80  kilometers.  While  the  mean  value  of  13°  is  maintained  over  the  80-90  kilometers  region,  the 
rms  fluctuation  about  the  mean  value  definitely  increases  with  altitude.  In  regions  where  the  cone  angle 
is  negative,  x  wave  cone  angles  tend  to  be  large,  which  implies  that  significant  altitude  smearing  can 
take  place, 

3.  The  seasonal  variation  of  noon  time  D  region  densities  above  78  kilometers  is  clearly  visible. 

4.  The  amplitude  distributions  of  echoes  backscattered  from  the  D  region  satisfy  a  Chi-squared  test 
for  a  Rayleigh  distribution  with  an  average  40%  confidence  level.  The  strong  finding  for  the  Rayleigh 
hypothesis,  coupled  with  the  apparently  continuous  distribution  of  echo  intensity  with  altitude,  seems  to 
strongly  support  the  contention  that  the  source  of  D  region  backscatter  at  HF  frequencies  is  from  volume 
distributed  fluctuations  of  refractive  index— mainly  of  electron  density. 
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Table  1.  Summary  of  Position  Dependence  Data  as  a  Function  of  Altitude 
Antenna  Separation  Is  One-Half  Wavelength 
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Fig.4  Semi-cone  angle  of  arrival  as  a  function  of  altitude 
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Appendix  A 

Following  :  1  oori  (1980),  for  angular  frequency  M  much  greater  than  the  plasma  frequency  tOp 
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T*  *  ,•  BC%i^  f  DCsktfi 

=  /)  (T%^a)  f  6c’%  tyx)  *' 

A  =  C&S  ($Q  -  ^ 

B  -  5^'^/z)  - 
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=  angle  between  the  direction  of  propagation  and  the  magnetic  field  lines 
<V'U)n  .  (a)  +  UJ»  u  . 

yx  *  — —  y°-  \T~  a- 

fx)  =  operating  frequency  in  radians/s^- 
6.i„  =  elac;ron  gyro- frequency  in  radians/sec 

x  i  J  c. 

tii  ■-•  square  of  the  angular  plasma  frequency  =  - • 

JT  ^  to 

V  =  electron  collision  frequency  (Sec)'1 
m  =  electron  mass  -  9.1  xlO"31|<g 
e  “  charge  on  electron  =  1. 682x10"^  coulombs 
f  -  free  space  permittivcly  *  8.854xl0"12  farads/meter 
N  =  electron  density  (per  cubic  meter) 

Cp(y)  =  Dingle-Arndt  Semi-Conductor  Integral 
i  {"*  t>  -x 

CpM=  J,  \  dy 

1  »  '■  Jo 

I  =  geomar  tic  flux  density  in  Teslas 


Finally  it  can  be  shown  that 

fyt  ZS  1  ""V/2.  if  one  can  neglect  differential  absorption  within  the 
P(h)  =  (  1  *  T  ?  (  scattering  volume 

'*  *  a  U  \ 
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SUMMARY 


Uils  paper  describes  propagation  studies  conducted  by  the  D.S.  Air  Force  using  a  unique  short 
pulse  Vi. P/I .K  Innosounder  to  determine  the  characteristics  or  the  polar  D- region  during  quiet  and 
Jlsturbe 1  condltons.  Data  obtained  at  Thule  AH,  Greenland,  near  the  center  of  the  polar  cap,  am 
presentee  giving  detailed  information  on  the  D- regions' s  height  and  reflectivity  as  a  function  of 
time.  Under  quiet  conditions  there  ire.  marked  variations  In  the  I >- region  due  to  the  effects  of 
diurnal  and  seasonal  changes  in  solar  illumination,  l'hergetlc  jiartlelo  (.-vents  produce  dramatic, 
changes  In  both  the  height  and  reflectivity  of  the  D-rngiori  wnlch  can  exhibit  a  complex  behavior 
throughout  the  duration  of  the  event.  Hie  severity  of  the  D-reglon  effects  Is  highly  dependent  on 
seasonal  Illumination  conditions.  Data  on  ionospheric  reflectivity  are  presented  to  illustrate 
normal  seasonal  and  diurnal  variations.  In  addition,  data  from  disturbed  periods  are  presented  to 
show  the  Interaction  between  propagation  parameters  and  energetic  particle  ionization,  solar 
Ionizing  and  photodetaching  radiations. 

1.  INTRODUCTION 

Tlie  propagation  of  lorg  radio  waves  Is  controlled  by  the  lowest  regions  of  the  Ionosphere. 

During  the  daytime  thi:.  includes  the  0-layer  and  Ox:  lower  D-reglon  and,  at  night,  the  lowest  part 
of  the  K-region.  Observation  of  eliangus  In  the  amplitude  and  phase  of  Vl.l''/l.F  slidials  propagating 
In  the  earth- Ionosphere  waveguide  provides  a  relatively  simple  ground-based  technique  for  monitoring 
the  state  of  the  lower  ionosphere,  'lhe  technique  has  proven  to  he  especially  sensitive  for  detecting 
Ionospheric  disturbances,  such  as  those  produced  by  solar  x-ray  flares,  polar  cap  absorption  events 
(PGA's),  and  high  altitude  nuclear  detonations.  'Die  observation  of  continuous-wave  (cw)  transmissions 
over  very  long  propagation  paths  has  often  been  used  ror  such  monitoring  purposes  since  such  paths 
provide  coverage  over  very  largo  geographical  areas.  A  dJ sad vantage  of  such  long  jiath  observations 
Is  that  the  effects  of  relatively  localized  disturbances  lunch  as  energetic  particle  events  In  the 
polar  cap)  are  Integrated,  or  smoothed-out,  itviklng  It  difficult,  or  Impounlblu,  to  obtain  Infonnatlon 
on  the  severity,  extent, and  structure  of  the  disturbed  region  of  the  Ionosphere. 

Short-path  VI,!''/LI''  propagation  techniques,  how-vrr.  rrovlc'-  ■  it,i  cn  more  localized  regions  of 
the  ionosphere.  One  such  technique,  develop-. 1  by  ,.  '.ome  .  I  -  '>evoLo|)inerit.  Center  (IISAF),  Is 
Illustrated  In  Figure  1.  Uhorl  VI.F/hF  wines  (about,  one  rf-oyc!o  at.  20  kHz)  are  radiated  fi-om  a 
130  in  vertical  antenna,  and  are  received  at  sites  which  can  be  located  at  various  distances  frcxil  the 
transmitter.  At  the  receiver  both  ground  wave  and  loriospherleal  ly  reflected  sky  wave  pulses  are 
recorded.  Since  the  transmitted  [Wises  are  so  short,  loss  than  100  ps,  the  sky  wave  pulses  can  lie 
observed  free  from  Interference  with  the  ground  wave  pulses,  even  at  distances  of  several  hundred 
kilometers  from  the  transmitter.  Both  the  normal  ( l I )  and  converted  (.L)  polarization  components 
of  the  sky  waves  can  be  sensed  using  orthogonal  loop  antennas,  figure  1!  gives  an  example  of 
received  waveforms,  showing  the  separation  of  the  ground  wave  and  sky  wave  pulses.  The  received 
waveforms  cun  he  Fourier  analyzed  to  obtain  Infonnatlon  on  the  effective  reflection  heights  and  the 
reflection  cool  'Detents  of  the  Lower  Ionosphere,  over  a  frequency  range  from  5  to  35  kHz  (lewis  ot 
at.,  1973).  A--,  '"scribed  by  Rasmussen  et.  al.  (1180),  the  system,  which  Is  essential  ly  a  VbF/bl1' 
pulse  lohosounder,  .ides  a  means  for  studying  the  reflection  properties  and  structure  of  trie 
lower  Ionosphere  in  the  50  to  90  km  altitude  range. 

Thla  paper  describes  VLF/LF  pulse  reflection  data  obtained  in  northern  Greenland.  The  data 
shown  were  chosen  to  Illustrate  the  complex  effects  of  the  unique  solar  illumination  conditions  in 
the  Arct.ie  nri  the  quiet  r. nil  disturbed  polar  Ionosphere.  Ionospheric  prise  reflection  data  arc 
described  for  three  solar  Illumination  conditions:  (1)  day/nlght,  corresponding  to  per1 oris  of  the 
year  when  the  sun  rises  and  sets,  such  as  during  March  and  September  (76°  <  <  102°),  (2)  continuous 

darkness,  such  as  In  Deeomb  :r  (X  >  1.00°),  and  (3)  continuous  sunlight,  such  as  during  the  period 
from  May  to  August  (X  <  80°).  'Dio  data  were  obtained  over  a  J Oh  km  path  (approximately  90°  magnetic 
azimuth)  from  Thule  Air  Base,  Breen  I  and  (76°33'N,  68°Ao'W)  to  l)anae  Greenland  (76°2,I'N,  69°20'W) . 

7.  VLI-'/I.F  I'UI.SK  HKFI.KGT10H  DATA  -  QUII'T  I'OI.AH  tONCYlPHI'HIC  CONDITIONS 

Flgur-e  3  shows  three-dlmuns loral  presentations  of  pilse  lonosoundcr  data  obtained  under  the 
three  solar  Illumination  conditions.  1-ach  of  the  presentations  consists  of  Individual  received 
waveforms  stacked  one-bohlnd-thc-other,  with  time  linearly  progressing  from  bottom-to-top,  for  a 
period  of  one  week.  'Die  data  are  typical  for  the  quiet  polar  Ionosphere  as  observed  on  the  Thule 
to  Dane]  path.  In  1  pure  3,  each  Individual  waveform  Is  a  3D  min  average  of  approximately  650,000 
pulses.  'Die  horizontal  scale  is  Linear  lti  t.Linn  (pa),  ineasil  cd  from  the  start  of  the  ground 
wave.  'Hie  ground  wave  remains  fixed  In  time,  while  the  sky  waves  move  hack  and  forth  as  the  effective 
ionospheric  reflection  height  cliange*'..  'Die  waveforms  l-epl'e-si-nl,  the  Instantaneous  wave  ampl  I tildes  as 
a  function  of  time,  as  sensed  by  loop  antennas.  The  sky  wave  data  correspond::  o  the  normal  uncon¬ 
verted  cowixwterit  of  the  lonospherlcal  ly  rel'leetixl  waves  (l.e.,  the  11  |x>larlznt,lon  cuinjxjsent ) , 

Included  with  each  plot  Is  a  representative  graph  of  the  diurnal  variation  In  the  solar  zenith  angle. 
Below  each  of  the  three-dimensional  plots,  are  repres':ritat1  v<:  PA  hours  plots  of'  effective  heights  of 
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reflection,  and  plane  wave  reflection  coefficients  for  both  the  nonnal  (  n'-'|  )  and  converted 

(  , , It  _j_  )  sky  wave  components.  The  heights  or  reflection  are  determined  1y  from  consideration 
of  the  relative  times  of  arrival  of  the  ground  wave  and  sky  wave  pulses,  aid  the  geometry  of  the 
experiment.  The  reflection  coefficients  are  derived  at  8,  16,  and  22  kHz  after  Fourier  analysis  of 
the  data  (see  I /awls  et  al . ,  1973). 

2.1.  September  (76°  <  X.<  102°) :  Day-Night 

Figure  3a  givers  data  1'or  a  week  In  .September  1976  during  which  the  lonosphrrre  was  undisturbed. 

'L’hc  data  show  diurnal  patterns  resulting  from  the  changing  solar  illumination.  During;  the  night  the 
effective  height  of  reflection  for  the  sky  waver,  was  about  90  km,  the  daytime  height  was  about  78km. 
Kven  for  the  relatively  steep  Incidence  angle  (about  33°)  associated  with  the  Thule  data,  the 
nighttime  normal  polarization  reflection  coefficients  varied  typically  from  about  0.8  at  8  kHz  to 
about  0.9  at  22  kHz.  The  effective  heights  of  reflection  for  the  converted  polarization  component 
of  the  sky  wave  were  comparable  to  the  normal  comixinents  throughout  the  day.  The  converted  reflection 
coefficients  were  generally  lower  but  remained  relatively  constant,  with  the  Increasing  frequency. 


2.2.  December  (”X,>  100°):  Night 

figure  3b  shows  data  acquired  over  the  period  of  a  week  in  December  197 («  Hiring  that  period, 
in  arctic  winter,  the  sun  was  far  enough  below  the  horizon  so  Lliat  the  D-regiun  was  not  directly 
ILluminated.  Thus,  as  shown  in  the  figure,  the  Lliiee  dimensional  display  and  the  reflection  heights 
(about  85  km)  and  coefficients  were  essentially  constant  throughout  the  week.  At  Thule,  the  totally 
dark  period  (solar  zenith  angle  X>  100°)  lasts  for  about  one  month.  It  is  interesting  that 
VLP/LF  pul.se  lonosoundcr  data  acquired  over  five  years  showed  tliat  the  inaptitudes  of  the  December 
reflection  coefficients  were  comparable  to  those  at  night  in  September.  However,  the  Decanber 
reflection  heights  wore  3  to  4  km  lower  than  those  for  local  midnight  in  September,  or  even  in 
June  when  the  D-regiori  Is  continuously  sunlit.  The  reason  for  tills  Is  not  apparent. 

2.3.  June  (X<  H0»):  Day 

At  the  latitude  of  'hole,  the  nun  Is  above  the  horizon  throughout  the  entire  day  from  early  May 
through  the  end  of  August.  liven  so,  as  shown  by  the  June  1976  data  or  figure  3c.,  there  are  still 
diurnal  variations  in  the  effective  heights  of  reflection  of  the  D-rsglon.  'these  heights  vary  from 
about  88  km  to  75  km  depending  on  the  solar  zenith  angle.  Thus,  even  though  the  solar  zenith  angle 
Is  below  80°  throughout  the  entire  day  in  June,  the  D-rcglon  Ionization  produced  by  Lyman-alplia 
radiation  varies  appreciably  with  the  solar  zenith  angle.  As  mentioned  above,  the  effective  height 
of  reflection  at  local  midnight  In  June  was  about  88  ton,  or  approximately  3  km  higher  than  the 
December-night  condition.  The  heights  at  local  noon  In  Juno  were  about  76  tan,  the  lowest  seen 
throughout  the  year.  The  mngjillu  ton  of  the  reflection  coefficients  were  considerably  lower  In  June 
than  at  any  other-  time  or  the  year.  'Ihln  suggests  that  during  the  sunnier,  the  constant,  solar 
1Lluinlrvn.ini]  produces  Ionization  well  below  1)6  tan  which  acts  as  an  absorber  of  energy  from  the 
Incident,  and  reflected  pulses.  Hof  lections  from  this  Ionization  are  no  weak  that  they  cannot  be 
observed  with  this  instrumentation  at  the  relatively  sleep  Incidence  angle  associated  with  the 
Ttmlc-Qnmq  path. 

VhP/bF  pulse  lonosoundcr  data,  such  as  Unit  Illustrated  In  figure  3,  show  that  the  lower  polar 
Ionosphere,  even  under  quiet  conditions,  exhibits  highly  variable  properties  depending  on  the  solar 
LI  bind  bull  on  conditions,  a.her  data  show  that,  the  polar  Ionosphere  Is  much  more  dynamic  than  the 
mill- latitude  Ionosphere.  In  the  data  derived  from  the  VI.F/hF  pulse  lonosoundcr,  this  Is  clearly 

seen  in  the  variances  associated  with  the  reflection  coefficients  and  reflection  heights.  IVie  variations 
arc  much  larger  for  polar  data,  than  for  mid— latitude  data,  even  If  only  quiet,  conditions  are  consider!* 1* 
The  lonosounder  data  also  show  that  the  polar  Ionosphere  often  ex|x;rl.enoes  changes  due  to  genraagjieU c 
storm  activity  and  precipitation  of  energetic  particles  from  the  sun.  These  later  events,  so  called 
Polar  Cap  Absorption  events  (1’fIA's),  often  cause  the  polar  Ionosphere  to  be  severely  disturbed  for 
many  i  lay  a,  and  even  works.  The  effects  of  these  dlsturhanees  on  Vl.l''/1,F  reflectivity  and  propagation 
lepei.1  greatly  in  the  solar  Illumination  condLtlnns  (or  season)  as  described  below. 

3.  Vl.b’/I .»'■  HII.SK  HKI-ci:  i  DATA  -  Dll'iHJHHI-P  (I’OA)  IWmiMUi:  CXMIITKW. 

The  luiiosonndlng  path  Is  close  to  Ui-'  center  ol  the  north  polar  cap,'  so  that  It  It  Ideal  ly 
suited  for-  observing  ehang.e:;  In  the  reflecting  properties  of  the  lower  Ionosphere  -lac  to  energetic 
particle  event::,  (Turtle  ,-t  at. ,  I'jlll),  1981 ) .  llie  effects  of  I'CA's  on  pilar  reflection  parameters 
depends On  the  mi- ;>l  Vde  "f  the  Incoming  particle  flux  and  the  solar  I  Lluiiiln.it Lon  cotidU'nns,  as 
Illustrated  In  Figure  'i. 

Figure  A  shows  pulse  reflection  data  acquired  during  I’CA's,  under  the  s..ame  three  seasonal 
i  1 1  ami  nation  eond  1 1.  !■  ms  described  In  conjunction  with  Flics -e  3.  l'Hgure  'la  allows  data  acquired  In 
•September  1978  when  ihere  were  light  and  dark  periods  during  each  day;  Figure  'lb  shows  data  obtained 
In  Decanber  1978  during  a  period  when  there  was  complete  darkness;  and  Figure  V;  shoes  data  t.-ken  In 
June  1979  when  the  sun  was  .always  alxjve  the  horizon.  Tho  onsets  of  the  I’CA's  arc  clearly  see  i  in 
all  three  sets  of  data,  bui  the  i lata  also  show  ttvit  the  reflection  properties  of  the  disturbed  polar- 
ionosphere,  frail  on  -el.  throng,)]  r.-covery,  vary  greatly  depending  oil  the  time  of  year  the  cvrts  occur. 

3.1.  oeptanhe-r  ■' 76°  CX-o  102”):  Day-Night 

Figure  5  presents  normal  polarization  reflection  data  derived  from  the  waveforms  of  Figure  'la 
along  wi  th  corresponding  Information  on  the  conversion  coefficient  v  i|H j_ )  obtained  frem  wavefonns 
rrreorde-d  on  the  orthogonal  antenna.  'Ibis  Flguri :  shows  the  effects  of  a  I’t.A  that  occurred  In 
.lept.emhen  1978,  when  the  sun  was  rising  and  setting.  As-  seen  In  the  plot  of  the  differential 
]  ^  [vjoV  .'solar  proton  hata  h 'cordoil  by  Uiu  IMP  7/H  .vito 11 ' '  < ■  *  (Figure  bh),  the  onsi?t  ol  the  H 

"Fartieh-  data  obtained  from  the  National  .Space  Sch-nce  Data  Center,  (ireenheD-,  Ihryland. 


occurred  near  L100  UT  on  September  23  (DAY  266).  Hi  In  PCA  was  one  of  the  strongest  observed 
( l Ot iB  r tome ter  absorption)  since  the  low  frequency  iono sounder  was  Installed  at  Thule  In  1975* 

Before  the  event,  the  effective  heights  of  the  "September  Ionosphere  were  varying  from  92  km 
at  night  to  80  km  during  daylight  hours,  as  shown  in  Figure  5a.  Shortly  after  the  onset  of  the 
PCA,  tiie  effective  height  of  rel'L  tion  dropped  to  about  51  km.  The  effects  of  the  PCA  were  seen 
in  the  data  until  DAY  274,  eight  iys  after  the  onset  of  the  event.  The  diurnal  variation  in  the 
reflection  heights  was  smallest  on  the  first  day  of  the  event  and  increased  as  the  incoming  particle 
flux  decreased. 

The  effects  of  the  PCA  on  the  8  kHz.,  16  kiln,  and  22  kite  reflection  coefficients  are  shown  in 
Figures  5b  and  5c.  The  magnitudes  of  both  the  normal  and  converted  coefficients  at  these 
frequencies  were  generally  reduced  throughout  the  duration  of  the  event.  The  effects  ori  the 
converted  reflection  coefficients  were  especially  severe  during  the  daylight  hours,  as  shown  in 
Figure  5c.  This  indicates  that  the  effects  of  the  geomagnetic  field  on  the  reflection  processes 
in  the  ionosphere  below  about  70  Inn  were  small  compared  to  the  electron-neutral  collision  effects. 
hVon  so,  the  steep  incidence  data  show  that  the  magnetic  field  effects  were  not  negligible,  even 
during  the  periods  when  the  effective  ionospheric  heights  wore  the  lowest.  However,  it  Is  expected 
that  if  the  observations  were  made  at  greater  distances  from  the  transmitter  (i.e. ,  if  the  incidence 
.'ingles  on  the  ionosphere  were  more  grazing),  the  data  would  indicate  that  the  disturbed  ionosphere 
could  be  described  phenomenologically  as  liaving  an  almost  purely  real  and  isotropic  electrical 
conductivity.  It  appears  that  such  a  simple  model  would  not  be  appropriate  for  the 
relatively  steep  Incidence  data  shown  J.n  Figure  5* 

The  .September  1978  period  was  one  of  relatively  hig,h  solar  activity;  there  were  some  periods, 
‘‘or  example,  when  the  ionosphere  was  disturbed  by  PCAs  for  days  at  a  time,  with  events  following 
one  another  and  even  overlapping.  In  Figure  5,  for  example ,  close  inspection  of  the  data  shows 
that  a  relatively  wnfik  event  began  during  DAY  275,  less  than  a  day  after  the  ionosphere  had  fully 
recovered  from  the  large  TCA  that  began  on  DAY  266.  This  sirv.il  I  event  caused  by  lower  energy 
protons  was  not  recorded  as  a  POA  by  the  rlometer-absoi’pti.on  Indicators.  The  pulse  reflection 
data  show  clearly  that  an  energetic  jxirlloU:  event  did  occur,  and  Its  effects  on  VLF/LF  iono¬ 
spheric  refloutlvLty  lasted  for  a  number  of  days.  The  data  demonstrate  that  VLF/LF  propagation 
parameters  .are  extremely  sensitive  to  the  state  of  the  Lower  ionosphere. 

3.2.  December  (  >  100°):  Nig) it. 

Figure  4b  allows  pulse  reflection  data  typLcal  of  that  observed  during  PCA  events  which  occur 
during  p<*rlods  of  continuous  darkness  at  Thule.  The  onsnl  of  the  PCA  (0.5  dB  riometer  absorption), 
seen  at  approximately  2200  l)T  on  December  11,  1978  (DAY  145),  caused  the  effective  reflection 
height  of  the  ionosphere  to  drop  almost  11  km.  Tills  was  accompanied  by  a  decrease  In  the  strengths 
of  the  reflected  sky  wave  fail. see.  Tie  recovery  of  the  Ionosphere  to  quiet  conditions  occurred 
gradually,  over  a  fx?rlod  of  about  four  days.  Borne  specific  dotal Is  on  the  effects  of  the  PCA  are 
shown  In  Figure  6. 

Figure  6  shows  effective  heights  of  reflection  and  reflection  coefficients  derived  from  the 
normal  arid  conversed  polarization  data  associated  with  the  event  shown  in  Figure  4b.  Specific 
Information  related  to  the  8  kite,  16  kite  and  22  kite,  components  of  the  sky  waves  arc  described. 

The  onset  of  the  PCA,  at  approximately  2200  UT1,  is  seen  in  the  plot  or  13  -  25  MeV  solar*  proton  data 
(Figure  5d).  The  solar  proton  flux  data  did  not  return  to  background  (quiet)  levels  until  about 
four*  days  later. 

Figure  6a  shows,  the  reflection  heights  for  the  normal  sky  wave  at  16.5  kite  over  a  two  week 
period  starting  two  days  before  the  onset  of  the  PCA.  As  shown,  the  undisturbed  effective  height 
of  ref’ lection  before  the  event  was  84  Ion;  mrlng  the  event,  the  effective  height  dropped  to  as 
low  as  78  km.  BiinlJar  effects  were  observed  on  the?  1 6.5  kHz  component  of  the  converted  sky  wave. 

It  Is  interesting  to  note  Uiat,  although  the  onset  of  the  PCA  was  very  rapid  (as  seen  in  the 
particle  flux  data),  tin-  onset  of  the  event  as  seen  by  the  tonosoundor  was  slower,  with  the  peak 
change  In  the  effective  height  occurring  over  a  day  later.  'Die  H  km  drop  In  the  effective  height 
of  the  ionosphere  was  about  !0  km  less  than  typically  observed  during  othei  PCA's  having  similar 
t>eak  flux  levels,  which  occurred  during  sunlit  conditions  at  Thule. 

Figures  6h  and  6c  show  the  normal  and  converted  reflection  coefficients,  respectively,  for 
8klte,  16  kite,  ?ind  22  kHz,  over  the  same  Iwo  week  period.  As  shown  iri  Figure  6b,  the  magnitude 
of  the  8  kite  reflection  coefficient  was  relatively  unaffected  by  the  event;  however,  the  16  kHz 
and  2?  kite  reflection  coefficients  were  reduced  about  6  dM  during  the  event.  The  peak  reduction 
In  the  coefficients  was  seen  within  a  fev.'  hour's  of  the  onset  of  the  event.  it  is  interesting  to 
note  that  the  po?ik  change  observed  In  the  effective  heights  of  reflection,  however,  did  not  occur 
uritl  I.  more  than  .a  day  after  the  onset  of  the  event.  The  reflection  coefficients  and  the  effective 
heights  of  reflection  returned  to  their  background,  or  undisturbed,  values  closely  following  the 
ref urn- to- normal  of  the  particle  flux  levels,  as  shown  iri  the  Figures, 

The  data  presented  In  Figure  6  also  show  the  effects  of  a  marietta  storm  that  followed  the 
PCA.  The  effect:  1  arc  fLrst  seen,  in  the  magnitudes  of  the  reflection  coefT  1 c 1 ents ,  at  about 
2400  UT,  on  DAY  351.  As  seen  in  the  reflection  data,  the  event  Lasted  three  days.  Throughout 
the  period  slight  Increases  were  observed  in  tlu.’  off  (Motive  reflection  heights  of  the  normal  sky 
waves.  The  most  pronounced  off-  eta,  however,  were*  observed  hi  the  magnitude  of  the  22  kHz 
reflection  coefficients  which  was  reduced  even  more  than  during  the  PCA.  The  manner  in  which  the 
reflection  coefficient  data  varied  with  frequency,  with  a  relative  null  at  around  22  kite,  suggests 
the  fx>sslbiM  Ly  of  two  pulse  reflections,  corning  from  different  Ionospheric  hetg)its,  which  inter¬ 
fered  to  ptfxluce  the  observed  pattern  (Kosscy  find  lowls,  1981),  From  the  location  of  the  relative 
ml  1  at  22  kite,  arid  the  Incidence  angle  (38°)  associated  with  the  exper  .lent.  It  Is  estimated  that 
the  Interfering  reflections  «*:u[io  from  layers  about  1 4  km  apart,  (lie  layer  at  about  84  kin  would 
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correspond  to  the  usual  effective  height  observed  at  Thule  In  December,  the  second  layer  associated 
with  tile  magnetic  disturbance  would  have  been  In  the  13-region  at  about  98  km. 

3.3-  June  (  X<  80°)  Day 

figure  7  shows  reflection  parameters  derived  from  the  data  in  figure  Ac,  and  Illustrates  the 
effects  of  a  PCA  (6  dB  rtoraeter  absorption)  that  occurred  in  June  1979  when  the  sun  was 
continuously  above  the  hori /.on.  nefore  the  onset  of  the  PCA,  which  began  at  0600  UT  on  June  6 
(DAY  157),  the  effective  height  of  the  ionosphere  varied  from  70  km  to  89  km  as  the  solar  zenith 
angle  increased.  Hie  PCA  lowered  the  effective  height  to  less  t)ian  60  tan,  after  which  no  diurnal 
variations  were  seen  in  the  height  data  until  the  disturbance  effects  were  over,  almost  a  week 
later  (see  figure  7a).  The  PCA  also  suppressed  the  diurnal  effects  in  the  normal  and  converted 
reflect  ion  coefficients,  as  shown  in  Figures  7b  and  7c.  The  reflection  coefficient  data  show 
slgnif  cant  differences  between  the  two  polarization  components  of  the  sky  waves.  Curing  the 
first  two  days  of  the  event  the  magnitudes  of  the  reflection  coefficients  (  MnM  )  were  larger 
generally  than  they  wore  under  undisturbed  conditions.  This  suggests  that  the  increased  ioni¬ 
zation  resulting  from  the  event  produced  a  much  more  sharply  bounded  reflection  layer.  As  the 
layer  weakened  throughout  the  duration  of  the  event,  the  reflection  coefficients  decreased,  and  by 
DAY  160  they  were  actually  less  than  the  undisturbed  values.  Instead  of  allowing  an  Increase  the 
magnitudes  of  the  reflection  coefficients  of  the  converted  sky  wave  components  (  M  R )  were 
slightly  reduced  during  the  event.  This  decrease  was  in  accordance  with  expectations,  since  the 
reflections  occurred  at  much  lower  altitudes,  where  electron-neutral  collisions  were  relatively 
large. 

On  DAY  162,  while  the  Ionosphere  was  recovering,  the  reflectivity  became  extremely  weak. 

This  effect  which  was  typical  of  sunnier  events  can  be  seen  in  Figure  7  where  the  22  kHz 
coefficients  were  most  significantly  reduced.  Analysis  of  the  data  associated  with  these  periods 
show  that  such  patterns  could  he  caused  by  the  interference  of  two  pulses  which  were  reflected  from 
different  layers  in  the  ionosphere,  typically  about  12  -  lA  km  apart.  This  phenomena  occurred 
when  the  solar  zenith  angle  was  relatively  large,  suggesting  tliat.  as  the  solar  zenith  angle  decreased, 
additional  electron  production  caused  the  reflections  to  occur  primarily  from  the  lower  layer. 

1. bother  such  ionospheric  structure  could  he  observed  at  more  distant  receiving  locations,  or  whether 
the  structure  would  appear  at  different  times  during  the  PGA  at  such  locations  is  not  clear  at  this 
time. 

3.  A.  February  (89°  <'*,<  1X7°) 

Another  example  of  U10  complexity  of  the  interaction  between  solar  particles  and  solar 
radiation  in  the  ionosphere  is  Illustrated  in  Figure  8.  The  Figure  shows  the  effects  of  a  dis¬ 
turbance  which  occurred  in  February  1978  during,  the  transition  period  frail  night  conditions  in 
December  to  day-night  conditions  In  March.  The  Figure  Lncludes  a  plot  of  solar  zenith  angle 
showing  that  at  local  noon  the  sun  just  barely  reached  the  horizon  at  Thule.  The  disturbed 
waveforms,  presented  in  Figure  8b  shows  the  efforts  of  a  PCA  (6  dH  rlomotcr  absorption)  which  began 
at  about  1000  UT  on  February  13  (DAY  ()AA).  'ill's  event  caused  a  28  km  drop  in  noontime  reflection 
height,  followed  by  a  gradual  return  to  iionnal  over  the  next  7  day;..  fivori  at  night  during  the  first 
day  of  the  event  the  reflection  height  remained  below  60  km  duo  to  the  continued  high  particle  flux 
rate.  For  the  next  several  days,  however,  there  was  a  strong  diurnal  variation  which  was  not  present 
before  or  after  the  event.  This  variation  was  probably  caused  by  a  combination  or  particle  produced 
Ionization  with  varying  photodotachmcnt  arid  attachment  processes.  As  tin-'  sun  approached  the 
horizon  pliotodetarhiiieiit  produced  Increased  electron  :  ■unities,  lowering  U10  reflection  heights. 

After  local  noun,  as  the  solar  zenl til  angle  Increase!,  the  effective  reflection  heights  increased 
due  to  attachment.  This  typo  of  ionospheric  behavior  during  disturbances  Is  only  seen  in  the  pul  se 
iDiiosoundlng  data  for  the  particular  solar  illumination  conditions  wlilr.li  occur  at  Thule  in  late 
January  and  early  February  nnd  again  In  November  and  early  December. 

A.  Di.';ui.‘;:;mh' 

VhF/hF  pulse  reflection  date  show  that  there  are  marked  variations  in  the  Lower  [jolar  Iono¬ 
sphere  due  to  the  effects  of  diurnal  and  seasonal  changes  in  solar  Illumination.  These  variations 
IIITer  significantly  from  those  observed  at  mid-  and  low-geomagnetic  latitudes,  even  under  quiet 
lun-isphei’h:  conditions.  The  data  also  show  that  energetic  particle  events  (PCA's)  produce  dramatic 
changes  In  both,  the  effective  height  and  reflectivity  of  the  D-reglon.  The  manner  In  which  the 
disturbances  effect  the  VbF/ljF  reflectivity  of  the  D-reglon  is  highly  de|x;iideut  on  the  Illumination 
conditions.  Tin’  steep  Incidence  data  described  iri  tills  report  show  that  the  disturbance  effects  can 
last,  for  as  long  as  a  week  or  more,  and  ttiat  throughout  such  periods  the  effects  can  vary  considerably 
from  lay-ti.—dav.  The  data  also  reveal  that  there  can  he  complex  structure  (Layering)  within  the 
disturbed  Ionosphere  Itself.  The  data  Indicate  the  difficulty  In  specifying  models  of  the  lower 
polar’  Ionosphere,  particularly  for  disturbed  coned. Lons-  .Such  models  would  not  only  be  highly 
dependent  on  the  particle  flux  associated  with  the  disturbance,  but  also  on  the  Lime  of  year  (season) 
In  which  If.  occurred.  Moreover,  the  models  would  necessarily  liave  to  hr  adjusted  throughout  the 
deration  of  the  disturbance  to  account  for  the  changing  Illumination  conditions  and  the  changing 
energetic  |iartlc!.e  fluxes. 

An  attempt  was  made  to  determine  If  the  lowest  heights  of  reflection  observed  during  PCA's 
could  be  used  to  obtain  estimates  of  the  peak  particle  fluxes  (13  -  25  MeV)  associated  with  the 
events.  Figure  9  shows  the  results  of  1.1  tat.  study.  In  the  Figure  the  [mints  on  the  diagram 
correspond  to  the  lowest  effective  16  kHz  heights  observed  with  the  VLF/LF  Inriosnuruler  during  an 
Individual  PCA,  along  with  the  peak  particle  flux  measured  for  the  event.  Beat  exponential  fits 
to  the  data  arc  slx.wn ,  also,  by  the  dotted  lines.  The  'Day'  line  is  Tor  PCA's  that  occurred  when 
there  were  sane  sunlit  hours  during  the  disturbances.  The  'Night'  line  (which  was  obtained  I'rum 
only  two  data  samples)  corresponds  to  events  that  occurred  during  periods  when  the  sun  was  always 


below  the  horizon.  Although  there  Is  some  spread  In  the  data,  Figure  9  shows  that  estimates  of  the 
peak  particle  fluxes  can  bo  obtained  from  the  pulse  lononoimder  reflection  height  data.  It  Is 
Interesting  to  note  that  energetic  particle  events  are  usually  categorized  In  terms  of  the  rlometcr 
absorption  that  accompany  them.  For  example,  a  PCA  would  be  tenned  'strong'  If  tho  rlometer 
absorption  associated  with  It  was  10  <1B,  hut  It  would  be  considered  ’weak1  If  the  absorption  was 
only  1  dR.  A  peak  13  -  2b  MeV  particle  flux  of  about  0.2  -  0.3  partial es/nif-  sec  sr  MeV  Is  not 
unoarmon  for  ’weak’  events.  Figure  9  shows  that  during  such  events  tho  VLF/LF  reflection  tidbits 
may  be  as  low  as  about  62  -  6*1  Ian,  during  daylight  hours  at  Thule.  These  heights  would  he  12  lan 
lower  that  those  observed  during  undisturbed  Ionospheric  conditions.  Events  having  one-tenth  the 
particle  flux  still  produce  noticeable  effects  in  the  lonosounder  data.  The  data  illustrate  that,  the 
observation  of  VLF/LF  signals  Is  an  extremely  sensitive  ground-based  tecliniquc  for  monitoring  iono¬ 
spheric  disturbances. 

Steep  Incidence  ViF/LF  guise  reflection  data  provide  relatively  direct  Information  on  the 
characteristics  and  variability  of  the  poLar  D- region.  Long  path  observations  of  VLF/LF  signals 
that  cross  Uie  polar’  roglon  also  provide  useful  Information  on  the  state  of  tho  high  latitude 
Ionosphere.  However,  since  the  polar  region  may  constitute  only  a  relatively  snail  part  of  such 
paths,  It  may  be  difficult  to  distinguish  clearly  the  effects  of  the  polar  ionosphere  on  the 
propagating  signals,  from  those  produced  on  other  parts  of  the  paths.  The  consideration  of  both 
long  path  and  short  [oath  VLF/LF  data,  Jointly,  nay  provide  an  effective  means  for  determining  use¬ 
ful  phenomenological  models  of  the  polar  ionosphere  for  use  with  long  wave  propagation  predictions. 
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FIGURE  1,  Illustration  of  Vl.f/LF  pulse  ionosounding  technique. 
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FIGURE  2. 


Example  of  received  pulse  ionosounding  waveforms. 
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ABSTRACT 


From  a  long  Lerm  bane  of  satellite  monao Lumen La  with  Lockheed  payloads,  studies  have  been  made  of 
the  influence  of  energetic.  particle  precipitation  on  the  Ionosphere  at  altitudes  of  importance  to  long 
wave  propagation.  Lurgr.  cuhnticeme  uLh  in  Lhu  electron  rone  out  rat  Iona  J  n  the  atratoaphere  and  mesosphere 
may  occur  during  major  solar  particle  events  and  also  at  tlmcH  of  relatlvlatlc  electron  precipitation. 
I’revla  on  studies  have  shown  Lhat  direct  particle  prec  I  pi  Lai  I  on  Into  Llic  atmosphere  can  cauoe  VI. F  and  ELF 
Lransmlus Ion  anomalies,  but  the  effects  depend  Lu  a  complex  manner  on  the  altitude  profile**  of  Imilza- 
L  Lon  .and  on  (he  location  along  the  propagation  path.  Precipitating  electrons  may  often  produce  1/irge 
rateu  ol;  ioiii/.at  Ion  down  to  altitudes  an  low  an  *>0  km  through  direct  penetration  and  weaker  but. 

B.ig  nil- leant  ionization  down  to  ~  20  km  through  action  of  the  bieniHH  trail  J  img  pruduee<l  at  higher 
altitudes.  Major  solar  particle  eventa  may  raiisr  Intense  louLzatlon  down  to  alt  linden  of  ~  20  kiu. 
Measurements  of  the  precipitating  par  lie.  leu  wlLli  electron/proton  a  peel  roue  Lera  and  also  with 
hrcuiutttruhlung  x  ray  sensors  from  several  aatellllcH  during  the  1971-1980  time  frame  piovide  the  Is  its 
for  studying  the  morphology  of  the  propagation  medium  an  related  in  loug-wave  signal  transuiidsioii.  From 
the  measured  Maxes,  energy  apeelra,  and  pitch-angle  dint  r  ilmt  i  ona  of  the  parlleiea.  Ion-pair  production 
prof i leu  are  calculated  and  electron  denalty  prof  Ilea  subsequent ly  obtained  with  application  of 
effective  electron  Loaa  raten.  The  temporal,  latLtude,  longitude,  and  altitude  variations  uuMocluicd 
with  ciedrou  nrecipi  l  at  ion  and  with  major  aolar  particle  event  a  will  be  somuiari  zed  along  witli 
r/tlculat  loua  ol’  Llteir  effects  on  ELF  propsgat  ion .  Particular  uhc  1h  made  of  i  lie  nearly  s I  mu 1 1 ancon  , 
worldwide  measurements  of  electron  precipitation  performed  via  the  newly  developed  aatelllte 
hreiimu Lrali.l uug  x-ray  technique. 

1.  INTRODUCTION 

lu  1976  it  wau  enLub  Mailed  lor  the  llrat  time  (bat  aunmalnuu  ELF  signal  propagation  strengths  can 
result  from  the  precipitation  of  energetic  pailldra  Info  the  at  iiinaphcKc  (Imhof  et  al.,  19/6). 

Subsequent  studies  have  provided  liirtber  v«*rLl  IcaL  Ion  of  the  Importance  of  thin  phenomenon  lo  ELF 
I  raiiHiuJ  salon .  At  VLF  f  requeue  I  ea  It:  baa  been  I  omul  Ilia,  electron  prec  I  ]>  1 1  a  L  ion  can  cauue  long-  lived 
phase  disturbances  (Larsen  et  al.,  19//;  Klkuchl  and  F.vans,  1981),  ill  nee  particle  prec  1  p  ll  at  1  on  clearly 
plays  a  significant  role  (u  signal  transmission  It  (a  important  lor  workers  in  the  Mold  lo  lie  aware  ol 
the  morphology  ol  encrgcLie  pari,  (cl  e  precipitation  Into  I  In*  atmosphere.  The  purpose  ol  ( h  1 1,  paper  Is  to 
briefly  summarize  (lie  temporal,  latitude,  longitude,  and  altitude  variations  associated  with  such 
pree  I  pi  I  al  loti* 

lu  addition  to  eoamlc  rays,  which  are  continually  Impinging  oil  I  lie  al  mospher** ,  l  lie  primary  types  ol 
energetic  particle  pree I  pi  1 al I  on  eau  he  classllled  Into  l he  (ol lowing  two  groups:  (1)  e led  runs  ol 
magnet  osplier  I  f*  origin  and  (2)  energetic  particles  associated  wl  i  h  solar  activity.  Each  ol  i  hese 
categories  of  precipitation  displays  it  very  wide  range  ol  I n t eus I L I es ,  energy  spectra,  and  spatial 
extents  so  It  is  not  possible  to  suinma  r  I  ze  their  char  act  «*  i  1st  leu  In  a  simple  manner.  The  mailer  Is 
furl  her  com  pi  leal  ed  by  the  lack  of  coiiiprelieos  I  ve  measurement  a  on  a  worldwide  scale.  For  example, 
elect,  roil  precipitation  patterns  are  no  complex  and  Lime  variable  lhal  measurement  s  with  a  single 
spec  L  ruine  l  .*c  oil  a  satellite  do  net  provide  adequate  spatial  mappings  for  many  purposes  and  the  new 
remote  sensing  technique  of  hrcinssL  mil  lung  x-ray  imaging  lit  needed  lor  quantitative  mcasureim  lit  oi 
worldwide  patterns  ol  electron  precipitation  (Imhof  et  al.,  19/4). 

Tills  review  2ri  not  Intended  to  be  lolly  cnmpreheusl vr ,  but  la  primarily  lo  provide  the  render  with 
nil  Indies i  Ion  of  the  el  feet  1 venesa  ol  particle  precipitation  over  dllfereol  regions  of  the  earth.  For 
magnet  osplicr  1  r.  electron  precipitation  tin*  temporal  variations  In  |  he  total  inputs  over  a  large  area  an* 
discussed  and  the  lnlflutle  structures  given  along  with  spectral  variations.  Examples  ol  t  lie  energy 
deposition  profiles  In  flic  atmosphere  are  also  presented  with  special  attention  devot  ed  Co  I  lie  si  rouge! 
events.  For  solar  particle  events  I  he  spallal  extents  n»v  discussed  with  emphasis  on  the  variations  In 
the  latitude  enLoIIa.  Tin*  distributions  of  fluxes  are  Indicated  along  with  examples  ol  major  events, 
Kuril  as  (hose  In  August  19/2. 

2.  MACNKTUKIMIKKIU  ELECTRON  I'R  ICC  1 1'!  TAT  I  ON 

Al  high  latitudes  energetic  elections  are  almost  ctr  1  I uua l 1 y  prec I p I ! a  I  I ug  Into  tin*  atmosphere 
producing  a  s  I  gn  I  I  I  caul  Ionization  al  nifHcispher  I  e  altitudes.  Although  elci-iru**  precipitation  la  an 
almost  eonlimiui  process,  at  any  given  time  the  prcrlpltaf  lug  (luxes  and  energy  sport t a  may  he  quite 
struct  lin'd  and  vailed  with  Lit  limb  (I  tarn  et  -i  1  .  ,  19/6).  Iltir  present  knowledge  of  elect  mil 
prec  1  pi  l  at  I  on  processes  on  a  worldwide  scale  is  quite  limited.  Direct  measurement  I  join  a  satellite  ol 
prec I p I l a t  i ng  electrons  do  not  provide  adequate  spallal  and  temporal  coverage.  Only  with  lemole  sensing 
techniques  can  s  I  mill  |  .-iiieotis  mappings  ol  election  precipitation  be  obtained  and  In  tills  regard  optical 
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observations  provide  only  limited  spectral  information  and  are  primarily  representative  of  the  lower 
energy  electrons.  Bremsstrahlung  x-ray  measurements  from  e  satellite  can  provide  both  intensity  and 
spectral  information  over  a  broad  range  of  energies*  but  to  date  such  observations  have  been  quite 
limited  in  number  and  extent.  Here  we  present  a  brief  summary  of  the  present  knowledge  of  electron 
precipitation  processes  at  high  latitudes. 

For  measurements  of  electron  precipitation  averaged  over  a  large  area  of  the  earth  the  satellite 
bremsstrahlung  x-ray  technique  is  ideally  suited.  To  investigate  the  dependence  of  electron 
precipitation  upon  geomagnetic  activity,  the  bremsstrahlung  x-ray  intensities  have  been  taken  from  730 
pasaes  of  a  low  altitude  polar  orbiting  satellite  across  the  trapping  boundary  (Imhof  et  al.,  1980). 
These  measurements,  taken  in  a  standard  geometry,  encompass  a  large  area  of  the  atmosphere  including  the 
high  latitude  regions  of  electron  precipitation.  The  net  counting  rates  from  bremsstrahlung  x-rays  in 
the  energy  iuterval  50-500  keV  (after  subtraction  of  local  backgrounds  associated  with  the  spectrometer 
and  satellite)  are  plotted  in  Figure  1  as  a  function  of  the  geomagnetic  index  AE.  The  magnetic,  local 
time  intervals  for  electron  precipitation  encompassed  by  these  presentations  are  quite  broad;  the  x-ray 
spectrometer  typically  viewed  a  region  of  the  atmosphere  spanning  an  MLT  interval  of  5-6  hours  or  some 
75° 

to  90  In  longitude.  For  each  of  several  selected  intervale  In  AE,  bars  are  drawn  to  indicate  median 
flux  levels.  The  net  intensities  above  the  atmospheric  and  cosmic  gamma  ray  background  were  generally 
higher  at  Larger  values  of  the  AE  index  but  wide  variations  in  this  pattens  wt;rt  observed.  For  AE  >  800 
the  average  flux  was  a  factor  of  “  100  higher  than  when  the  index  was  below  A0. 

The  duration  of  individual  electron  precipitation  events  is  an  important  parameter  for  describing 
Che  morphology  of  electron  precipitation.  The  time  persistence  of  the  total  electron  precipitation 
occurring  over  a  wide  local  time  and  latitude  interval  can  be  studied  by  considering  the  x-ray  fluxes 
measured  on  successive  passes  of  the  satellite  over  the  polar  cap  regions.  In  Figure  2  the  x-ray 
intensities  measured  on  a  second  pass  are  plotted  as  a  function  of  the  flux  levels  observed  on  an 
earlier  pass.  The  noon-noor  and  midnight-midnight  pairs  of  passes  are  plotted  separatel>  in  the  right 
hand  section.  Some  degree  of  correlation  clearly  exists  between  successive  passes  at  neai ly  the  same 
local  time,  but  there  is  by  no  means  a  one-to-one  correspondence.  In  contrast,  there  appears  to  be  no 
significant  correlation  for  successive  passes  differing  by  ~  12  hours  in  local  time.  In  summary:  the 
time  correlation  coefficients  between  pairs  of  x-ray  measurements  were  significant  for  delay  times  of  ~ 
40  minutes  if  both  members  of  the  pair  were  either  near  midnight  or  noon,  but  tor  noon-midnight  or 
midnight-noon  pairs  the  correlations  were  not  significant  even  at  delay  times  as  short  as  “  20  minutes. 
Clearly,  there  is  a  general  lack  of  simultaneous  electron  precipitation  in  the  noon  and  midnight 
sectors . 

Energetic  electron  precipitation  af  high  latitudes  is  typically  characterized  by  dynamic  variations 
with  latitude,  longitude  and  time.  The  data  presented  in  Figure  3  Illustrate  the  sharp  structure  that 
is  often  encountered  and  show  that  major  variations  in  the  profiles  of  flux  versus  L  shell  occur  even 
when  the  longitude  and  time  differences  are  small.  This  fine  scale  structure  may  or  may  not  be 
important  for  BLF/VLF  propagation,  but  in  any  case  one  should  be  aware  of  the  regularity  of  its 
appearance . 

Although  the  fine  scale  temporal  and  spatial  structure  in  electron  precipitation  may  be  of  less 
importance  for  sop*-  wave  transmission  considerations,  the  broad  scale  features  are  significant.  Based 
on  recent  data  acquired  from  a  low  altitude  polar  orbiting  satellite  the  average  noon  and  midnight 
latitude  profiles  have  been  derived  and  are  presented  in  Figure  A.  These  plots  are  based  on  nine  passes 
of  the  satellite  for  both  geomagnet  leal ly  quiet  and  disturbed  conditions. 

Kiom  the  standpoint  of  atmospheric  effects  the  energy  spectra  represent  a  very  important  parameter 
associated  wiLh  magnetospher ir  electron  precipitation  since  the  energy  determines  the  altiLude  to  which 
an  electron  may  penetrate  into  the  atmosphere-  During  electron  precipitation  events,  a  wide  variety  of 
spectral  shapes  are  known  to  occur.  Jn  some  events  the  spectra  extend  to  relativistic  energies  and 
accordingly  they  arc  known  as  Relativistic  Electron  Precipitation  (REP)  events. 

Examples  of  the  energy  spectra  of  precipitating  electrons  during  some  very  intense  events  are  shown 
in  l-'lgure  5.  Based  on  these  energy  spectra,  deposition  profiles  in  the  atmosphere  have  been  calculated 
with  the  computer  program,  AURORA,  (Walt  eL  al.,  1968;  Walt  and  Uhappel,  1968)  taking  into  account  the 
energy  deposited  by  the  bremsstrahlung  x-rays  produced  in  the  atmosphere  by  the  precipitating  electrons. 
The  corresponding  icn-pair  production  profiles  are  shown  in  Figure  6.  These  : roripj fating  electron 
measurement s  were  taken  during  a  coordinated  exercise  between  ELF  transmiss*  from  the  Wisconsin  Test 

Facility  (WTF)  to  receivers  at  various  locations  and  simultaneous  raeasuremei  com  the  F72-1  polar 

orbiting  satellite  containing  a  payload  of  energetic  particle  spectrometers.  inis  coordinated  data  set 
encompassed  periods  of  major  geomagnetic  disturbance  and  moderately  intense  electron  precipitation.  In 
all  of  the  examples  there  is  strong  ionization  at  altitudes  above  "  60  km  but  only  during  the  most 
Intense  and  hard  events  does  the  ionizacion  extend  dewn  to  50  km  and  lower.  For  the  event  at  0602  UT  on 
26  March  1976  the  KLF  transmission  strengths  to  several  receiving  stations  have  been  calculated  using 
the  waveguide  model  computer  program  developed  at  the  Naval  Ocean  Systems  Center  (NOSC)  (Pappert  and 
Holer,  1974),  and  th;.-  results  of  these  calculations  are  summarized  in  Table  1.  One  can  see  that  signal 
enhancements  are  predicted  for  the  receivers  at  each  of  the  stations.  Th'  trend  for  obtaining  enhanced 
signal  strengths  during  intense  auroral  zone  precipitation  of  the  type  ofx.2n  observed  is  consistent  with 
I  he  measured  increase  in  signal  levels.  The  signal  strengths  clearly  depend  upon  the  details  of  the 
ionization  proilles  a'ong  the  paLh  and  emphasize  the  need  for  obtaining  complete  mappings  of  electron 
pfecipi tal  i  on • 


Table  1. 
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Compariaon  of  Predicted  and  Measured  ELF  Field  Strengths  for  the  REP 
Event  of  26  March  1976, 


ELF  Field  Strengths  at  75  Hz 
during  event 

Change  in  Field  Strength 
during  event 

Predicted 
(db  wrt  I  A/M) 

Measured 
(dB  wrt  1  A/m) 

Predicted 

(dm 

Measured 

(dB) 

Connecticut,  USA 

-143.3 

no  meas. 

+1.9 

no  meas. 

Maryland,  USA 

-147 . 3 

-147.2 

+0.6 

0.0 

Thule ,  Greenland 

-151.3 

-155.0 

+1.0 

+0.5 

Tromso,  Norway 

-153.6 

-155.2 

+1.1 

+2.0 

Pisa,  Italy 

-152.3 

-.1  54 . 7 

+1.7 

+3.2 

3.  PRECIPITATION  DURING  SOLAR  PARTICLE  EVENTS 


At  tiiue6  of  certain  solar  flares  energetic  particles  are  emitted  from  the  sun  and  these  may  have 
good  access  to  the  earth's  atmosphere  over  the  northern  and  southern  polar  caps.  When  the  proton 
energies  extend  above  a  hundred  Mev  they  can  produce  Intense  Ionization  In  the  atmosphere  down  to 
altitudes  as  low  as  ~  20  kui.  During  some  solar  particle  events  energetic  electrons  are  also  produced 
but  their  intensities  are  usually  lower  than  those  of  the  protons  and  they  generally  do  not  penetrate  to 
such  low  altitudes.  The  solar  particle  access  over  the  polar  caps  usually  extends  down  to  magnetic 
latitudes  somewhere  in  the  range  55  to  ~  65  ,  generally  being  lower  during  times  of  high  geomagnetic 
activity.  Over  the  polar  caps  the  incident  fluxes  are  much  more  uniform  in  space  than  is  generally  the 
case  with  magnetospheric  electron  precipitation  events.  Structure  in  the  spatial  distribution  may 
occur,  however,  and  sometimes  pronounced  north-south  asymmetries  appear. 

The  lower  latitude  cutoffs  of  proton  precipitation  during  solar  particle  events  have  been  studied 
systematically  and  compared  wilh  geomagnetic  activity  levels  (Imhof  et  al.,  1971).  In  Figure  7  the 
proton  cutoff  latitude  is  plotted  as  a  function  of  the  Kp  index.  The  Kp  index  certainly  does  not 
uniquely  determine  the  nutotf  latitude  but  clearly  at  times  of  high  geomagnetic  activity  the  cutoff 
latitudes  are  lower  and  a  larger  polar  cup  area  can  be  irradiated  with  solar  particles.  For  certain 
transmitter-receiver  paths  such  as  that  from  the  Wisconsin  Test  Facility  to  Tromso  the  cutoff  latitude 
can  have  a  big  effect  on  the  signal  transmission  strengths.  Of  particular  importance  to  the  signal 
strengths  may  be  the  matter  as  to  whether  a  transmitter  or  receiver  is  located  within  or  outside  of  the 
area  of  irradiation  by  the  solar  particles. 

The  fluxes  of  energetic  particles  associated  with  solar  particle  events  cover  a  very  wide  dynamic 
range.  ThiB  variability  is  Illustrated  in  Figure  B  where  the  total  flux  for  each  of  the  events  in  the 
last  two  solar  cycles  is  plotted  at  its  time  of  occurrence.  Overall  there  is  u  Ireud  for  greater  fluxes 

to  occur  near  the  time  of  solar  maximum  in  the  11  year  cycle,  but  the  data  indicate  very  large 

deviations  from  any  systematic  pattern.  The  variations  are  so  great  that  most  of  the  total  proton 
iluence  encountered  during  a  solar  cycle  may  appear  in  only  one  or  two  events. 

The  ion  pair  production  rates  produced  by  solar  protonB  during  the  major  particle  events  in  solar 
cycles  19  and  20  are.  shown  in  Figure  9.  The  4  August  1972  event  dominates  in  ion  production  rate  over 

all  of  the  other  events  in  cycles  19  and  20  at  altitudes  above  26  km.  For  comparison,  the  cosmic  ray 

ionization  tor  solar  maximum  and  minimum  is  also  shown.  Clearly,  the  ionization  produced  by  these  major 
events  exceeds  that  normally  produced  by  cosmic  rays  by  several  orders  of  magnitude. 

4 .  SUMMARY 


Magnetospheric  electron  precipitation  events  are  much  more  common  than  solar  particle  events,  but 
they  arc  more  localized  and  do  not  produce  intense  ionization  below  altitudes  of  ~  50  km.  By  producing 
bremsstrahlung  x-rays  electron  precipitation  events  can  cause  ionization  down  to  ~  20  km  but  the  levels 
are  generally  rather  low.  Measurements  of  ELF  and  VLF  signals  have  been  madi  at  times  of  major  electron 
precipitation  events,  30  their  importance  in  affecting  the  transmissions  has  been  established.  However, 
since  the  electron  precipitation  patterns  are  generally  complex  and  proper  mapping  measurements  with 
bremsstrahlung  x-rays  have  yet  to  be  made  at  such  times  our  present  knowledge  in  this  area  is  far  from 
complete . 

Solar  particle  events  are  much  leas  common  than  electron  precipitation  events  hut  when  they  do 
occur  they  can  be  very  effective  over  an  extremely  large  area  and  down  to  altitudes  as  low  as  ~20  km. 

The  relatively  uniform  incidence  over  a  large  area  provides  many  advantages  for  studying  in  detail  the 
effecLs  on  ELF/VLF  wave  propagation.  However,  it  should  be  emphasized  that  at  present  there  are  no 
known  cases  where  ELK  signal  strength  measurements  were  made  at  the  time  of  a  major  solar  particle 
event . 
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Figure  l.  Tlie  uul  (down-up  counting  rates  ol  Broiuautrahlung  X-raya  (50-500  keV)  plotted  a»  a  function 
of  the  instantaneous  (2.5  rain)  All  vvulue  for  observations  around  local  midnight  (left-hand 
uectlon)  and  around  local  noon  (right-hand  section).  (From  Imhof  el  al . ,  1980). 


Figure  2.  The  B<  omsstrahlung  X-ray  intensities  measured  on  a  given  satellite  pass  plotted  as  a  function 
of  the  intenaitiuu  observed  on  a  paaa  ~  AO  min  earlier.  In  the  left-hand  ::eei  Ion  the  ML! 
times  are  the  same  within  +  2h.  For  comparison  lines  ere  drawi  lor  equal  counting  rates  at 
both  limes.  (From  Imhof  ct  al.,  1980). 


FLUX  '^LECTRCNS/CM^  SEC  STER)  E  >175  KEV 


4-6 


Figure  3- 


Examples  of  precipitating  electron  flux  (E  >  175  keV)  versus  latitude  profiles  measured  on 
co-ordinated  passes  of  the  satellites  1971-089A  and  L972-076B.  (From  Imhof  et  al.,  1980). 
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.  Examples  of  the  energy  speetrn  of  precipitating  electrons  measured  during  the  March-Aprtl 
1976  coordinations.  (Krnm  Imhof  el  ;il .  ,  1977  ). 


0122  UT 
8  APRIL  1974 


0111  UT 
6  APRIL  1976 


CYCLE  19 


CYCLE  20 


JULY  1  959 
EEB  1956 

?l//f  l  \ 


—  1 1  yr  PERIOD - ►] 


9  AUG  1  972 


2  NOV  1969 

,  /  uT 


1950 1  57 1  58  1  59  GO  G 1 
CYCLE  21  — 


1  1  02  1  03 1  fill  1  05  1 


fill  1  05  1  06  1  07 
75  |  7G  I  77 1  7B 


CYCLE  22 - 


j  UN  |«5  |  UG  |  87  |  111)  |  89  |  90  j  9 1  |  92 


71  1  72  1 
82 1  83 | 

93 | 94  | 


I'igiiiv  8 


12:00  UT 
16  JUL  69 


CIRA  1965 
ATMOSPHERE 


05:00  UT 
15  NOV  60 


-  V  \ 

\V\ 

\\  \ 


15:08  UT 
4  AUG  72 


\\  \  V  19:30Ur 

_>s\  /  X<^  \l2NOV6( 

XN.  \\ 


CCTMIC  RAYS  19:30  UT  \\  />\iTnOV  I 
23  FEB  56^\V  \  \ 

X  Ns  \  \ 

00:00  UT  \  \\ 

3  NOV  69  /  \\  M 

(SWIDER 1975)/  \  \  \ 

SOLAR  MAX""--'';;;-..._SOLAR  MIN 

10°  101  102  103  104 
PRODUCTION  RATE  (ION  PAIRS/cm3-sec) 

l-’iunni  *7 


S-l 


VLF/LF  PULSt  RLI  Ll'Cl  IUNS  FROM  LAYKRS  111- LOW  Till:  lONOSI'IILRIC  11-RliG  1  ON 

J.  L.  Rasmussen  I'.  A.  Kossey  J.  I'.  Turtle 

Propagation  Branch,  Rome  Air  Devel opiiient  Cunter 
llanscom  AIT1,  Ma.  01/31 


SUMMARY 

lung  wave  ionospheric  reflectivity  data  are  described  from  experiments  using  a  VLF/LF  pulse 
iunusouuding  system.  Thu  sounding  technique  utilized  pulses  so  short,  that  even  at  distances  of  a  few 
hundred  kilometers  from  the  transmitter,  ground  wave  and  ionospherical ly  reflected  sky  wave  pulses 
were  received  separated  in  time.  Pulse  reflection  data  are  shown  that  strongly  suggest  the  simul¬ 
taneous  presence  of  at  least  two  discrete  reflections  from  different  heights  in  the  daytime  ionosphere. 
The  upper  reflections  are  identified  with  the  classical  U-region,  caused  primarily  by  Lyman-'*  radiation, 
while  the  low-altitude  reflections,  which  occur  from  shortly  before  sunrise  to  shortly  aTtci  sunset, 
are  believed  to  be  due  to  ionization  caused  by  cosmic  rays  and  photodetachment.  The  variability  of  the 
low  altitude  daytime  ionosphere  is  described  from  VLI'/Lf  pulse  reflection  data  obtained  during 
different  seasons,  at  mid-  and  low-geomagnetic  latitudes,  and  over  different  phases  of  the  solar  cycle. 
Kstimales  of  the  effects  of  the  low  altitude  ionization  on  the  propagation  of  long  radio  waves  are  also 
gi ven. 

1.  INTKUDIIUION 

Observations  of  the  propagation  characteristics  of  long  radio  waves  provide  sensitive  techniques 
for  studying  the  nature  of  the  lowest  regions  of  the  ionosphere.  One  such  technique,  employing  the 
transmission  and  reception  of  VLI/LF  pulses,  has  been  used  by  the  Propagation  Branch,  Rome  Air 
Development  Center  (l).S.  Air  Force),  to  obtain  a  variety  of  ionospheric  reflectivity  data  at  low-,  mid-, 
and  high-geomagni'l. it:  latitudes.  Ihe  system  operates  basically  as  an  oblique-incidence  ionosuundur, 
as  illustrated  in  figure  I.  Short  Vl.F/LI  pulses  are  transmitted  from  a  vertical  antenna  and  are 
observed  at  receivers  located  at  various  distances  Irom  the  transmitter.  Both  ground  wave  and  iono¬ 
spherical  ly  reflected  sky  wave  pulses  are  received,  and  since  the  transmitted  pulses  are  less  than 
about  / U  ps  in  length,  Llie  sky  waves  can  be  observed  free  from  interference  with  the  ground  wave,  even 
at  distances  several  hundred  kilometers  from  the  transmitter.  Butli  the  normal  (  II  )  and  converted  (J-) 
polarization  components  of  the  sky  waves  can  be  sensed  by  using  orthogonal  loop  antennas,  figure  k 
gives  an  example  of  received  waveforms,  showing  the  separation  of  tins  gi  ound  wave  and  sky  wave  pulses, 
ihe  waveforms  can  be  luurier  analyzed  to  obtain  information  on  the  reflection  heights  Jnd  reflection 
coefficients  of  the  lower  ionosphere  over  the  frequency  range  from  HI  tu  bU  kllz  (see  Lewis  et  al.,l‘J/3). 
As  described  by  Rasmussen  ot  al.(l'MU),  the  VI.F/1.1  ionosouhdiny  technique  provides  a  means  fur  studying 
the  structure  within  the  lower  ionosphere  itself.  Ihis  paper  describes  data  showing  tile  nature  and 
variability  of  VLf/l.f  pulse  reflections  from  ionospheric  layers  below  the  classical  (Chapman- like) 
U-reqion  of  the  daytime  ionosphere. 

k.  UBSLRVAI'IUNS  Of'  VLI'/LF  I'Ul.Si;  HFfl.I.CI  I0I1S  FROM  BI.I.OW  IIIL  l)R  LIU  ON 

I  igure  3  shows  VU'/l.f  pulse  ionosonnding  data  recorded  on  December  kd,  l'J'/k,  under  near  solar 
minimum  conditions,  file  data  were  received  uver  a  k03  km  lung,  magnetically  west-to-east  ,  propagation 
path  from  Camden,  New  York  ('Ll0  IB'  N,  / 1>°  4'J'  W)  to  Bethel,  Vermont  (43°  411'  N,  /k°  3/'  W).  I  igure  3 
shows  both  the  normal  and  converted  polarization  components  of  the  ionospherical ly  reflected  sky  wave 

pulses.  Inch  ol  ihe  three  •dimensional  displays  . . .  ol  kllll  individual  waveforms  slacked  one  behind 

the  other  in  linear  Lime  progression  from  hot tom- to- top  for  a  k4-linur  period.  Lach  individual  wave 
form  was  a  five  minute  average  of  approximately  lkU,000  pulses  and  represents  the  received  field  strength 
.is  a  function  of  Lime.  The  horizontal  scales  are  linear  in  Lime,  measured  t  rom  the  start  ol  the 
ground  wave  pulses,  included  in  figure  3a  are  the  ground  wave  (U-b‘j  ps),  followed  hy  the  normal 
component  oi  tile  sky  wave,  as  sense  by  a  loop  antenna  oriented  in  the  plane  of  propagation.  The 
ground  wave  had  Tour  hall- cycles  and  a  spectral  maximum  at  about  36  kllz.  I  igure  3b  '.hows  the  o 
verted  sky  wave  pulses  as  received  by  an  orthogonal  loop  antenna  aligned  to  a  near  null  on  the  gi ound 
wave,  which  therefore  appears  only  vestigial ly  in  the  figure. 

The  nighl.time  portions  of  I  igure  3,  from  I14DII  lr  IkUU  III  and  from  kkUU  to  D4UU  U1 ,  show  sky 
wave  reflections  beginning  al  about  161)  ps  after  the  start  of  the  ground  wave.  By  attributing  this 
time  delay  to  a  difference  in  travel  distance,  an  eifoclive  reflection  height  can  be  calculated  using 
simple  geometry.  At  night  the  time  delays  correspond  to  an  effective  reflection  height  ol  about 
Bk  km,  which  would  be  in  the  lower  part  of  the  Ionospheric  I -region.  Ihe  nighttime  purlieu  of 
figure  3b  shows  a  converted  polarization  component  of  about  the  same  amplitude  us  the  normal  component, 
indicating  a  strung  interaction  of  the  wave  with  the  geomagnetic  field. 

Ihe  daytime  portion  ol  figure  3a  shows  weaker  pulse  reflections  of  a  relatively  complicated 
nature.  To  belter  describe  them,  I  igure  4  shows  a  number  of  waveforms  selected  from  figure  3a  in  the 
period  from  1I3U  tu  k33ll  III.  Inspection  of  I  igure  4  reveals  that  each  daytime  re!  lection  consisted 
of  two  basic  pulses  which  were  slightly  overlapping.  Ihe  earlier  pulse  was  nearly  stationary  through¬ 
out:  the  daytime,  hut  the  later  one  had  a  varying  delay,  which  caused  the  overlap  to  he  greatest  near- 
local  noon  and  least  near  sunrise  and  sunset.  Al  k!J0  1)1,  when  the  solar  zenith  angle  (  x  )  at  the 
mid-point  ot  the  path  was  about  11°,  there  even  appeared  to  he  a  slight,  gap,  at  lbl)  ps  on  the  Lime 
scale,  between  the  two  ionospheric.il  ly  reflected  pulses  Al.  1  k3tl  III,  again  when  tile  solar  Zenith 
angle  was  aliniil  ‘T 1 0 ,  the  later  pulse  was  especially  weal  ,  leaving  only  the  earlier  one;  hut,  at 
I33IJ  Uf,  when  the  sular  zenith  angle  was  Bk,J,  the  two  pulses  were  merging.  As  described  by  Rasmussen 
el.  al.  (I'JUO),  the  effective  heights  of  the  l.it.-r,  liigiiei  altitude  ,  pulse  reflections  seen  through¬ 
out  the  daytime  w.  re  in  general  agreement  with  ,i  In  sec  X  rule,  following  classical  Chapman- I  ike 
theory.  It  is  believed  that  the  ionization  responsible  for  the  earlier  reflections  was  caused  by  cosmic 
rays  and  pholodetadimeiiL,  u  median  i  sm  proposed  previously  by  oilier  writers  in  i  milled.  i  on  with  the 


5-2 


C-layer  of  the  ionosphere. 

Comparison  of  the  daytime  portions  uf  Figure  da  and  3b  reveals  an  important  difference  between 
the  normal  and  converted  sky  wave  reflections.  The  normal  low  altitude  sky  waves  arrived  at  about 
11 7  ps,  correspond iny  to  an  effective  reflection  height  of  03  km,  while,  in  contrast,  there 
was  no  appreciable  component  of  the  converted  polarization  reflected  from  such  a  low  altitude.  There 
were  later,  higher  altitude,  converted  polarization  reflections  seen  during  the  daytime,  but  they 
appeared  to  arise  from  wave  interactions  with  ionization  above  about  68  km,  in  a  manner  similar  to  the 
higher  altitude  reflections  seen  in  the  normal  p"larization.  The  fact  that  there  was  essentially  no 
polarization  conversion  assm  iatod  with  the  low  altitude  (03  km)  daytime  reflections,  suggests  ttiat 
the  reflection  process  was  not  influenced  appreciably  by  the  geoinaynetic  field,  so  that  the  03  km 
region  of  the  ionosphere  could  bn  regarded  as  having  an  almost  purely  real  and  isotropic  electrical 
conductivity,  in  an  earlier  paper  (Rasmussen  et  at,  1980),  the  authors  described  a  phenomenological 
model  of  the  ionosphere  in  tile  03-og  km  altitude  range  which  was  inferred  from  the  low  altitude  pulse 
reflections.  The  model  was  a  6  km  thick  slab  having  a  uniform  conductivity  of  1.8  x  HI-'  iihos/m. 

I  rom  this  mode  1  it.  was  estimated  ttiat  the  peak  electron  density  in  the  layer  which  produced  the  low 
altitude  reflections  was  about  10U  el/cm  ,  at  03  km  altitude. 

Tile  model  described  above  was  not  necessarily  unique;  i.e.,  some  other  assumed  layer 
characteristics  might  also  have  boon  consistent  with  the  observed  reflectivity  data.  Indeed,  a  large 
number  of  C-layer  profiles  have  been  proposed  by  numerous  investigators,  such  as  those  described 
by  Uain  (iy/4),  Krasnuslikin  and  Federov  (1900),  and  Risbeth  and  GarrioL  (1909).  These  experimentally 
determined  layers  exhibit  widely  varying  characteristics.  This  is  not  surprising  in  tight  of  the 
nature  of  the  Vll'/LF  pulse  ionosoundiny  data  described  in  this  paper.  The  data,  which  were  obtained 
at  a  number  of  geoinaynetic  latitudes,  over  different  seasons,  and  at  different  periods  of  the  solar 
cycle,  illustrate  the  variability  of  the  lower  daytime  ionosphere. 

In  the  discussions  that  fullow,  the  prefix  CR-  is  used  to  distinguish  the  low  altitude  (C-Layer) 
daytime  reflections  from  those  associated  with  the  higher  altitude,  classical  l)-region  of  the  lower 
ionosphere. 

3.  MID-LAI ITUDi:  WINII.R  I'ULSK  RUT.ICIION  DATA  -  NLAIt  SOLAR-MINIMUM  CONDITIONS 

The  data  shown  In  Figure  3  were  obtained  over  a  mi d-geomaynetic  (bU°N)  path  under  near-solar 
minimum  conditions.  For  the  day  shown  in  Figure  3,  the  Ctt-rcflections  were  strong,  and  relatively 
distinct,  from  the  higher  altitude  D-reyion  reflections.  During  this  winter  measurement  period  the 
CR- ref  lections  were  seen  to  exhibit  relatively  little  variability,  as  illustrated  in  figure  B,  The 
data  shown  there  cuver  a  seven  day  period  from  December  22  Uirouyh  December  28,  19/!!.  On  all  the 
days  shown,  the  CR- reflect  ions  can  be  seen  starting  at  about  1200  Ul'  (  X-  90°),  and  disappearing 
at  about  2200  Ul'  (  X-  9b()).  Although  there  was  some  day-to-day  variation  In  the  observed  waveforms, 
the  shape  of  the  reflected  waveforms  remained  quite  constant  throughout  any  given  day.  Close 
inspection  of  the  data  reveals  that  there  were  very  weak  partial  reflections  from  as  low  as  about 
Ob  km,  but  that  the  primary  CU-reflecLions  were  from  altitudes  in  the  bl-03  km  ranye.  Furthermore, 
the  variability  in  the  shapes  of  the  reflected  pulses  indicate  that,  although  Limy  could  be  simulated 
as  having  been  reflected  from  conducting  slabs,  the  thicknesses,  conductivities,  and  ionospheric 
lie i gilts  of  tiiu  slalis  would  have  to  be  adjusted  from  day-to-day  to  account  for  the  differences  seen 
in  tlm  data.  Tiiu  data  shown  in  figure  b  was  typical  of  1  h  it.  obtained  during  the  winter  of  19/2-/3 
at  bethel.  Although  their  characteristics  varied  from  day-to-day,  CR- reflect  ions  were  always  clearly 
observed  throughout  the  daylight  hours. 

4.  MiU-l.ATl  I'UDI.  I’ULSL  RLI  LFCT10N  DATA  -  NLAK  SOI  AR-MAX1MUM  CONDITIONS 

Alter  the  19/2-/3  winter  measurements  were  completed,  the  pulse  Ionosounder  was  moved  to  limlu 
Air  Uase,  Greenland,  for  use  in  other  programs,  and  it  was  not  until  the  winter  of  19/9  HO  that 
equipment,  was  available  for  further  mid- latitude  ionospheric  studies.  These  were  conducted  over  a 
24b  km  path  (II/0  magnetic  azimuth)  from  lorestport.  New  fork  (43°  2/'  N,  /bu  Ob'W)  lo  Troy,  New 
Hampshire  (42°  00'  N,  72°  12'  W ) ,  and  the  data  were  acquired  under  near  solar-maximum  conditions  for 
a  period  of  almost  two  years. 

I  inure  ft  shows  typical  winter,  sprinq,  and  summer  reflectivity  data,  observed  at  Troy  (b/°  N 
magnetic  latitude).  Analysis  uf  the  winter  data,  shown  in  Figure  6a,  reveals  that  the  Cli-ref lections 
seen  in  the  daytime,  came  from  about  61-63  km  altitudes,  similar  to  those  observed  at  bethel  under 
solar-mi  mi  mini  conditions  in  the  winter  of  19/2-/3.  Typically,  however,  the  average  amplitude  of  tile 
I'ruy  reflections  was  about  one-fourth  of  that  observed  at  bethel.  In  terms  of  a  slab  conductivity 
model,  tile  i  roy  winter  data  would  indicate  that  the  conductivity  was  about  an  order  of  magnitude 
lower  than  that  estimated  from  the  earlier  bethel  data.  Hie  winter  I roy  data  taken  near  solar 
maximum,  also  showed  considerably  more  day-to-day  variability  in  the  CR-reflections,  when  compared  Lo 
the  bethel  data,  lor  example,  in  figure  6a,  the  CR-reflections  are  relatively  strong  on  December 
1/  and  2D,  but  are  extremely  weak  on  December  US  and  December  22.  Such  large  differences  were 
not  seen  in  the  solar-minimum  data  from  Bethel,  as  shown  in  Figure  !>. 

During  the  transition  to  spring  at  Troy,  .is  illustrated  in  figure  bb,  the  CR-reflections  tended 
to  weaken,  but  still  appeared  to  be  from  Lhe  t>  1  63  km  region  of  the  luwor  ionosphere,  by  summer,  as 
illustrated  in  I  igure  6c,  there  were  days  when  no  CR-reflections  cuuld  be  seen  in  the  data.  On  other 
summer  days,  close  inspection  of  the  data  reveals  that  there  were  extremely  weak,  just  barely 
discernible,  CR-reflections  from  about  61-63  km  altitudes.  During  the  sunnier  the  higher  altitude, 

II- region,  reflections  appeared  to  come  from  an  effective  height  of  about  <>')  km  at  local  noon. 

It  is  Important  to  note  lluit  the  extreme  weakness  (or  absence)  of  CR-reflections  observed  during 
tile  siiiiinnr  does  not  indicate  necessarily  Uiat  Lhe  C-layer  electron  concentrations  were  significantly 
less  than  those  in  the  winter.  Rather,  Lhe  data  may  indicate  Unit  the  concentrations  were  at  lower 
altitudes  in  the  summer,  resulting  in  such  low  effective  i  undue!,  ivities  that  the  CR-reflections  were 
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too  weak  to  l>e  observed  with  the  instrumentation  used.  Kor  example,  it  is  estimated  that  a 
concentration  of  about  10U  el/cur  at  bh  km  altitude  would  produce  an  effective  layer  conductivity  of 
about  1U"'  tnhos/m,  but  the  same  concentration  at  bb  km  ulLitude  would  result  in  a  conductivity 
of  less  than  about  10“B  mhos/iu.  In  tlio  latter  case,  the  CR-ref lections  from  the  layer  would  be  too 
weak  to  be  observed  with  the  ionosounder  instrumentation.  Thus,  it  is  important  that  more  detailed, 
full-wave,  analysis  be  made  of  the  VII  /LT  pulse  Ionosoundiny  data  in  order  to  derive  appropriate 
electron  density/conductivity  profiles  of  the  lower  ionosphere.  In  doing  this,  the  information  from 
both  the  Cll-i  inflections  and  the  liiyher  altitude,  D-region,  reflections  should  be  used. 

b.  IOW  LAI11UUE  i'ULSL.  KKFLECT10N  DATA  -  NEAR  SOLAR-MAXIMUM  CONDITIONS 

figure  7  shows  pulse  ionosoundiny  data  obtained  in  May  19B0,  at  a  low  geomagnetic  latitude 
(kb°S)  ill  Brazil.  The  data  were  obtained  over  a  R4b  km  path  (12b°  magnetic  azimuth)  from  Uuiao  da 
Vitoria,  Parana  (2b°  lb1  S,  SO0  OB'  W)  to  Camburiu,  Santa  Catarina  (R/H  DO'  S,  'll!0  H'  W)  during  a 
month  long  ionospheric  research  program  conducted  jointly  by  the  Air  forces  of  the  United  States  and 
Brazil.  The  data  is  for  an  eight  day  period,  and  is  typical  of  that  obtained  throughout  the  month. 
Careful  inspection  of  the  daytime  portions  of  the  data  shows  that  CR-ref lecl ions  were  observed,  and 
that  there  was  even  more  day-to-day  variability  than  seen  at  mid-latitudes.  As  shown  in  figure  /, 
the  reflections  varied  from  being  rel  tivel.y  strong  on  May  17  to  being  weak  on  May  HO.  The 
heights  of  the  CR-ref  lections  varied  Irom  about  (ib-b‘J  km  contrasted  with  the  relatively  constant 
t>l-t>3  km  heights  observed  at  in  id- latitudes. 

Hie  data  lor  May  1/,  in  figure  7.  show  leading  edges  of  CK-ref lections  that  were  nearly 
sLalinnary,  and  distinct  throughout  the  daytime.  However,  on  Uie  other  day;  shown  in  the  figure,  the 
CR-ref loot  ions  could  only  be  seen,  distinct  from  If- region  reflections,  tor  short  periods  around  sunrise 
and  sunset.  In  fourteen  days  of  operation  at  Camboriu,  CR- reflect  ions  were  observed  on  all  but  two 
days.  Un  those  two  days  it  is  estimated  that  the  conductivity  of  the  ionosphere  below  the  classical 
11-region  was  less  than  about  10“"  minis /in,  based  tin  the  expected  capabi  lilies  of  the  ionosounder 
instrumental  ion. 

At  Lillies, three  receivers  Were  operated  simultaneously  at  different  locations  during  the 
measurement  program  in  Brazil,  figure  Ha  sliuws  waveforms  received  on  1/  May  1‘JtlU,  at  limbo,  S.C. 

(Pi)1’  bl) 1  S,  4lJl>  lb1  W),  Camboriu,  S.C.,  and  Cunasviorus,  b.C.  (H/11  Zb1  b,  411°  Hi)1  W),  along  a 
magnetic  azimuth  of  approximately  IBU".  Hie  three  locations  were  1BU  km,  R4b  km,  and  HBll  km, 
respectively,  from  the  transmitter.  The  daLa  were  obtained  shortly  after  sunrise  ( 1 0 1 b  UT,  x  Hb°) 
wlieii  the  CK-rofloclious  were  distinctly  separate  from  the  liigher  altitude  l)-regiun  rel  lections.  In 
effect  the  data  provide  information  on  tile  rel  lecl  ivi  Ly  if  the  ionosphere  for  three  different 
incidence  angles.  Based  on  the  Lillies- of -arrival  ul  the  Clt- red  led  ions  and  the  individual  path 
lengths,  it  is  estimated  that  the  incidence  angles  ranged  from  about  bd°  (| ,mbo  data)  to  about  (>4° 
(Canasvieras  data).  At  the  shorter  ranges  (and  hence,  the  steeper  incidence  angles)  there  was  belter 
resolution  ol  the  CR-  and  D-region  reflections,  but  correspondingly,  the  reflections  Were  appreciably 
weaker.  I  ur  all  three  locations  the  Cll-ref  I  eel  inns  had  an  effective  heiglii,  ui  rellectiun  of  ahaiil. 
b/  kilometers. 

I  igme  HI)  shows  eflecl.  ive  plane  wave  ref  I  eel.  ion  coet  I  icients  derived  from  the  CR-ref  lecl  iun 
wavefurms  of  figure  Ha.  I  he  coefficients  were  obtained  by  comparing  the  Cli-sky  wave  I  mirier- 
amplitudes  at  a  given  frutpiency  to  those  ul  tlie  ground  wave,  as  described  l>y  lewis  et  al.  (1‘J/j). 
riie  data  sliuwn  in  I- i  guru  Hl>  provide  estimates  ol  the  reflection  properties  of  the  CK- ionization  as  a 
function  ul  frequency  and  incidence  angle.  Ihese  properties  c.iii  be  used  to  infer  a  conducting-slab 
iimilel  of  tlie  CR-ionizaLion.  As  described  by  Kusscy  ind  Lewis  (1‘JHI),  an  esLiiuaLe  ul  the  slab  thick¬ 
ness  cun  he  obtained  from  the  frequencies  at  which  the  relative  nulls  occur  in  Uie  reflection 
cool  lie  i  uni.  curves  of  figure  HI),  lfie  magai  tildes  of  tlie  relleclion  coefficients  are  then  used  in 
determining  an  eflecl  ive  slab  conduct  i  v  i  ly.  Irom  file  data  shown  in  figure  HI),  il  was  estimated  that 
a  10-kin  thick  slab,  having  a  uni  I  orm  conductivity  of  11)“'  mhos /in  describes  (phunomcnnleyica  I  ly )  the 
ionization  that  produce'll  the  CR-ref  let  lions  shown  in  I  iyuru  Ha.  Tliis  model  represents  a  higher 
altitude,  broader,  inure  weakly  ionized  layer  than  the  (i-km  thick  slab  model  described  earlier,  in 
conjunct  ion  with  the  mid- latitude  Bethel  data  ul  I  igure  4. 


b.  DISCUSSION 

A  wide  variety  of  VLI/LI  pulse  ioimsuiindiug  data  have  been  obtained  showing  CH-reflections  from 
ionization  below  the  I)  region  ol  the  daytime  ionosphere.  If  the  ionization  responsible  for 
those  reflections  was  produced  by  cosmic  rays  and  photodet.ichiuent  (i.o.,  C-laycr  lonizal.  imi) ,  as 
speculated,  it  exhibits  suhstantial  day-to-day,  seasonal,  latitudinal,  and  solar  cycle  variability. 

(>.l  Uay-Ui-Day  Variations 

I  he  variability  I  rum  day-to-day  in  the  strengths  and  effective  heights  of  the  CR-reflect ions 
suggest  corresponding  variations  in  tlie  electron  concentrations  and  associated  conductivities  below 
the  H-regioii.  If  is  estimated  that  the  CI1 -reflections  were  from  layers  having  an  effective 
conductivity  that  varied  from  about  IU"'  mhos/m  to  below  10_i*  mhos/m,  usually  within  one  week's  Lime. 

Ibis  occurred  in  ml  I  flic  data  with  tlie  exception  of  the  solar  minimum,  winter  measurements  at  Bethel  ,  Vl, 
where  the  conductivity  remained  relatively  constant.  Within  a  given  day,  however,  the  layer 
characterist ics  appeared  to  remain  quite  constant  throughout  the  daylight  hours. 

<i.2.  Seasonal  Variations 

Data  obtained  at  mid- 1  at i tilde  showed  the  strongest  CR-ref  lections  during  winter.  Hie  rel  lections 
tended  to  weaken  through  spring,  and  were  barely  detectable  during  the  sunnier  months.  Ihe  strengths 
ol  the  daytime  rel  lent  ions  triini  the  classical  D-region,  however,  did  not  diller  greatly  Irom  winter  to 
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summer.  These  observations  suggest  that  there  was  a  pronounced  seasonal  effect  in  the  electron 
concentrations  and/or  electron  distributions  with  altitude,  associated  with  the  C- layer  ionization. 

(>.3.  latitudinal  Variations 

CR-reflection  data  were  obtained  simultaneously  at  mid- geomagnetic  latitude  (Iroy,  N.H., 

Sll u  N.  Magnetic  lat.)  and  at  low-geomagnetic  latitude  (Cainhoriu,  S.C.,  Brazil,  2b°  S.  Magnetic  Lat. ) 
in  May  19110.  Although  the  propagation  paths  were  almost  the  same  length,  the  Cl!-rcf  lections  at  Troy 
had  appreciably  lower  effective  heights  (bl-b3  km  vs  6b-b9  km)  and  were  considerably  weaker  than 
those  observed  at  Camburiu.  Since  May  corresponds  to  late  spring  in  Iroy,  but  late  fall  in  Gambon o , 
it  is  interesting  to  speculate  to  what  degree  the  differences  seen  in  the  amplitudes  and  heights  can 
he  attributed  to  seasonal  I  actors .  When  the  May  data  from  Gamboriu  was  compared  with  November  data 
from  Troy  (late  fall  at  both  locations)  the  amplitude  relationship  was  reversed;  i.e.,  the  CR- 
rof lections  at  Iroy  were  stronger. 

The  lack  oT  suitable  polar  data  and  the  limited  amounL  oi  low-latitude  data  has  made  it  difficult 
to  assess  the  latitude  dependence  of  the  CK- layer;  however,  in  general,  the  data  indicated  that  the 
low-latitude  layers  were  weaker,  broader,  and  at  higher  altitude  than  at  mid- latitude. 

b.4.  Solar  Cycle  Variations 

The  mid-latitude  CU-ref lecLions  observed  during  near  solar-minimum  conditions  were 
consistently  stronger  than  those  observed  near  solar- maxi  mum  suggesting  that  the  electron 
concentrations  in  the  C-loyer  were  appreciably  larger  near  solar-minimum.  This  is  in  accordance  with 
a  modulation  mechanism  described  by  Krasnushki n  (I9bb),  in  which  there  is  an  inverse  correlation 
between  solar  activity  and  electron  concentrations  in  the  C- layer. 

b.b.  C-Layer  effects  on  Long  Wave  Propagation 

The  VLI/LT  pulse  ionosoomling  data  indicate  that  the  characteristics  of  the  C-layer  are 
highly  variable,  depending  on  time- of- day,  season,  location,  and  the  solar  cycle.  It  is  nut  sur¬ 
prising,  therefore,  that  a  large  number  of  C-layer  profiles  have  been  proposed  by  various  researcher,, 
from  data  using  diflerent  probing  tei-hnigiies.  I  he  strongest  mid  latitude  layer  deduced  from  the  Cl!- 

reflection  data  was  described  in  terms  of  a  0  km  Thick  slab,  having  a  conductivity  of  about 

I. K  x  1U"‘  mhos/m.  This  corresponds  to  a  layer  having  a  maximum  electron  density  of  about 

IDIl- U)0  el/inii  ,  depending  on  the  altitude  at  which  it  is  located.  IJuiu  (1974)  lias  developed  a  model 

of  the  mid-latitude  daytime  ionosphere,  from  propagation  data,  which  has  an  electron  density 
maximum  in  Lin:  C-layer  ol  about  100  el /cm,  at  a  height  of  !>!>  km.  Consideration  of  the  effects  of 
such  a  layer  on  LLf/VI.I/LI  propagation  by  I  ield  and  l.ewinsLein  (19/0)  lias  produced  some  interesting 
results.  They  allow  ealculutod  lll  /VLI  /LT  earLIi-  ionosphere  waveguide  parameters  using  daytime  models 
of  tile  ionosphere  with,  and  without,  a  C- layer  (Bain's)  to  examine  the  effect  of  the  layer  on  lony 
range  propagation.  I  lie  model  ionospheres  used  in  the  calculations  are  shown  in  figure  9a,  and  the 
effects  of  the  assumed  C-layer  mi  Vl.l  /I.l  propagation  ale  illustrated  for  20  kllz  in  I  igure  91)  and 
for  Tib  kllz  in  I  igure  9c.  The  cllects  ol  the  C-layer  on  III  propagation  (not  shown)  were  very 
small;  even  nut  to  propagation  distances  as  great  as  10  Mm,  the  spread  in  calculated  (ield  strengths 
between  the  models  was  only  about  2  dl),  at  4!>  llz,  for  example.  The  effects  of  the  C-layer  on  VLI  /ll 
were  shown  to  bo  significantly  larger.  At  211  kHz  the  spread  between  the  calculated 
fields  approached  a  factor  of  four,  or  12  dli,  at  great  distances  as  shown  in  I' igure  %.  At 
3b  kllz,  the  spread  was  considerably  larger,  and  as  sliowu  in  figure  Tie,  approached  a  factor  of 
almost  forty,  or  over  30  dli,  at  the  longer  ranges,  for  these  calculations  it  Was  assumed  that  llie 
C-layer  was  present  over  the  entire  path  length,  and  hence,  the  results  most  likely  represent  an 
extreme  ease.  However,  the  calculations  indie, lie  that  the  C-layer  acts  as  an  absorber  of  energy 
in  long  wavo  propagation.  Other  calculations  by  Held  indicate  that  if  the  C-layer  was 
located  at  a  higher  altitude,  its  effect  on  long  wave  propagation  would  have  been  significantly  less 
than  those  shown  in  figures  9b  and  9c.  Hie  same  general  conclusion  would  hold  if  tile  layer 
electron  concentrations  were  reduced.  The  calculations  jlso  suggest  that  more  information  on  the 
characteristics  of  the  C-layer  could  be  obtained  from  observation  ol  long-path  LI-  signals,  rather 
Ilian  long-path  VII-  signals. 

file  variability  of  the  lowest  regions  of  the  daytime  ionosphere,  including  its  apparent  dupendeii'  i 
mi  location,  season,  and  phase  ul  the  solar  cycle,  make  it  particularly  difficult  to  model.  As 
described  iri  this  report,  short  path  VI  I  /I  I  ionosoiimling  data  can  provide  information  on  llio  reflection 
properties  of  that  region.  It  appears,  however,  that  an  appropriate  combination  ol  such  ionosounding 
data  jirI  long  path  IT  propagation  data  would  be  even  more  valuable  for-  deducing  the  properties  of  the 
lower'  ionosphere  and  assessing  its  effects  on  longwave  propagation. 
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figure  1.  Illustration  of  VLI/LI  pulse  ionosoundiug  tochnigue. 
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figure  2.  Example  of  observed  pulse  ionosoundiug  waveforms. 


Mijuru  3.  VI  I /l.l  pulse  io.iosuiindln.j  data 
obtained  over  a  mid  latitude  propagation  path. 

I  lie  l.l. or. mi  tier  was  located  ,i(.  C.nmli'ii,  N.V.  and 
Uu;  receiver  was  /Mill  km  Lo  Um  oast  at  lletliel , 
Vermont,  (a)  Normal  polar i /a tion;  ground  wave 
poises  arc  shown  on  tin:  Ini  I.  side  of  Mir 
display,  followed  by  ionosplior ir.nl  ly  ml  Irolrd 
sky  wave  polsrs.  ( li )  .onvrrtrd  polarization 
da  l.l. 


i'lguru  d.  fxamples  of  waveforms  rrcrivod  at 
mi d- latitude  on  Uocoinlior  ?H,  l')!2  us  .1  function 
ut  film:  of  day  and  solar  /onitli  ani|lo. 
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I  icjur  *  c>.  Min- lut  i  tud(\  winter,  pulse?  ionosourid  i  »uj  data  obtained  neat  sola,  -in  ini  mum. 
Nonna  I  polarization  data  covering  a  seven  day  period  from  |)'*cpinl)rr  ??  through  Deremhin 
i'd,  iw. 
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e  C.  Mid-latituce  pulse  ionosounding  data  obtained  near  solar-maximum  conditions  over  c  1-25  km  path 
Forestport,  N.Y.  to  Troy,  'i.H.  Normal  p: 1 ari zation  data  for  seven  day  periods  representing  (a)  winter 
pring,  and  (c)  summer. 
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Figure  8.  Low-latitude  data  recorded  on  May  17,1980 
at  1015  UT,  corresponding  to  a  solar  zenith  angle  af 
86°.  (a)  Normal  polarization  waveforms  recorded  at 

Tlmbo,  S.C.,  Camlioriu,  S.C. ,  and  Canasvieiras,  S.C. 
over  path  lengths  of  180  km,  246  km,  and  280  km 
respectively,  (b)  Magnitudes  of  the  normal  reflection 
coefficient  (iiRh)  derived  from  the  CR-reflection 
portion  of  the  waveforms. 
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Tigure  9.  C-Layer  effects  on  long  wave  propagation, 
(a)  DNA  daytime  ionosphere  model  and  C-Layer  model 
(Bain,  1974)  used  to  calculate  the  relative  field 
strengths  versus  distance  for  (b)  20  kHz  and  (c) 
for  35  kHz. 
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VLF -ATMOSPHERICS  AS  A  TOOL  FOR  PROBING  VLF -PROPAGATION  CONDITIONS 


J.  Schafer  and  Ii.Volland 
Radioastronomical  Institute,  University  of  Bonn 
Auf  dem  Htigel  71,  U  5300  Bonn  1,  West  Germany 


SUMMARY 

This  paper  presents  a  new  technique  for  receiving  and  analysing  atmospherics  signals  and  for  deriving 
the  VLF-propagation  conditions.  The  equipment  consists  mainly  of  a  rcceivor/analyser  with  an  on-line 
desktop  computer.  The  computer  controls  the  observations  and  analyses  the  received  parameters  in  real 
time,  so  that  the  results,  e.  g.  the  reference  height  of  the  lower  ionosphere  or  the  strengths  and  locations 
of  the  thunderstorm  activity  centers,  can  be  printed  out  immediately  or  displayed  on  a  world  mao  with  a 
small  desktop  plotter.  The  data  are  also  stored  on  magnetic  tape  cassettes. 

At  present,  two  stations  of  this  kind  are  operating  continuously  at  Pretoria  (South  Africa)  and  Tel  Aviv 
(Israel).  A  some*  hat  earlier  version  is  used  at  Berlin.  Further  stations  are  being  projected  to  complete 
a  global  network  (among  these  a  station  in  the  Antarctic).  At  the  moment,  Europe  and  Africa  and  parts  of 
South  and  North  America  and  Asia  are  covered.  These  measurements  are  used  to  investigate  the  short 
and  long-term  as  well  as  the  local  and  global  behaviour  of  the  lightning  activity  and  the  VLF-propagation 
conditions  and  to  elucidate  their  correlation  to  atmospheric  electric  and  possibly  also  external  (c.  g.  solar) 
parameters.  Some  results  of  the  measurements,  including  statistical  analyses  of  the  received  parameters 
and  typical  real  time  plot  charts  are  shown  to  demonstrate  the  methods  and  capabilities  of  the  present 
system. 

1 .  INTRODUCTION 

Lightning  strokes  are  known  to  produce  a  wide  band  of  electromagnetic  radiation,  the  VLF- impulsive  part 
of  which  is  called  atmospherics.  Because  of  the  large  antenna  lengths  and  current  densities  of  these  natu¬ 
ral  transmitters  and  because  of  the  good  transmission  characteristics  of  the  terrestrial  waveguide  bet¬ 
ween  earth  and  ionosphere  for  VLF-waves,  the  radiated  VLF-impulses  can  be  traced  at  distances  of  glo¬ 
bal  scale.  The  permanent  presence  of  atmospherics  (ca.  100  strokes  per  second  over  the  entire  globe) 
allows  one  to  continuously  survey  the  atmospherics  activity  and  the  propagation  conditions  for  VLF- 
w.ives,  and  especially  the  state  of  the  lower  ionosphere,  with  relatively  few  recording  stations  around  the 
world. 


The  theoretical  background  of  these  analyses  is  a  propagation  model  for  VLF-waves  depending  mainly  on 
(a)  the  mean  reference  height  of  the  lower  ionosphere  along  the  propagation  path,  and  (b)  the  mean  aniso¬ 
tropy  factor,  which  describes  the  influence  of  the  geomagnetic  field  and  the  plasma  collision  frequency. 
Basic  calculations  on  the  characteristics  of  such  models  have  been  carried  out  e.g.  by  Wait  and  Spies 
(19i>4).  Using  wave  guide  mode  theory,  Vollund  (HHiM)  has  shown  the  pronounced  dispersive  behaviour  of 
Die  spectral  parameters  of  VLF-atmospheries  in  the  frequency  band  between  ca.  3  and  1U  kHz,  which 
makes  this  hand  suitable  for  experimental  investigations.  Bused  on  these  theoretical  results,  a  VLF- 
atmospherics  analyser  has  been  developed  at  the  Ueinrieh- ilertz-lnstitut,  Berlin,  (lieydt  and  Vollund, 
1968),  and  subsequently  improved  in  several  versions.  Besides  the  direction  of  incidence  (azimuth)  of 
each  atmospheric,  this  receiver  determines  the  spectral  amplitudes  at  two  suitable  frequencies  in  the 
VLF- band  as  well  as  the  difference  in  the  arrival  times  between  two  spectral  groups.  Extensive  model 
calculations  of  these  spectral  parameters  for  various  ionospheric  conditions  are  due  to  Harth  (1972),  The 
main  drawback  of  this  first  generation  of  VLF -analysers  was  the  method  of  data  processing.  For  each 
atmospheric,  one  of  the  spectral  parameters  could  be  displayed  against  the  azimuth  on  an  oscillograph 
screen  as  a  point.  Taking  a  photographic  picture  of  all  atmospherics  within  a  lime  period  of  o.  g.  5  minu¬ 
tes,  one  could  estimate  the  mean  azimuth  and  the  corresponding  mean  value  of  the  speclral  parameter 
from  the  clusters  on  the  picture  by  visual  inspection.  This  complicated  and  lime  consuming  process  and 
the  inefficiency  in  the  recording  of  the  spectral  parameters  (only  one  at  a  time  together  with  the  azimuth) 
inspired  the  development  of  a  new  goner. -turn  of  VLK-utmospherics  receivers,  'This  new  atmospherics 
station  includes  a  desktop  computer  for  controlling  and  analysing  the  measurements  so  that  it  can  be  ope¬ 
rated  completely  automatically.  'The  calculator  collects  the  spectral  parameters  and  the  azimuths  of  all 
incoming  atmospherics  over  a  time  period  of  20  minutes.  'The  operation  program  then  performs  a  statis¬ 
tical  analysis  of  all  atmospherics  data  from  each  single  center  of  activity.  Furthermore,  it  contains  an 
optimized  VLF-propagation  model,  which  is  used  to  directly  determine  the  distance  to  the  thunder  storm 
centers  and  the  applicable  propagation  conditions  for  VLF-waves.  A  desktop  plotter  js  then  enacted  lo 
denote  the  locutions  and  strengths  of  the  activity  centers  on  a  map.  'The  received  and  ;n  lysed  atmosplic- 
i  ics  data  are  printed  out  in  real  time  and  also  stored  on  the  internal  tape  cartridge  of  the  computer  for 
possible  a  posteriori  analysis. 

Two  of  these  now  stations  have  been  operating  continuously  for  more  than  one  year  at  Pretoria  and  Tel 
Aviv  M chafer  et  al.  ,  I9HU),  an  older  one  is  installed  in  Berlin,  and  another  new  station  will  be  esta¬ 
blished  in  the  Antarctic  next  year.  The  small  size  of  the  equipment  its  easy  handling  and  its  insensibility 
to  external  influences  allow  it  lo  be  installed  almost  everywhere,  with  its  antenna  placed  on  a  roof,  in  an 
open  field  or  aboard  a  ship. 
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2.  PROPAGATION  OF  VI.F -ATMOSPHERICS  IN  THE  TERRESTRIAL  WAVE  GUIDE 


VLF-atmospherics  originate  mainly  from  cloud-tu-ground  lightning  strokes  which  can  be  well  approxi¬ 
mated  by  vertical  electrical  dipoles  on  the  ground.  The  transmitted  impulses  travel  through  the  atmo¬ 
spheric  wave  guide  between  earth  and  ionosphere,  see  Fig.  1  (Ingmann  ct  al.  ,  1981),  and  are  trans¬ 
formed  on  this  way  according  to  the  propagation  conditions,  which  depend  predominantly  on  the  location 
and  the  state  of  the  lower  ionosphere.  The  vertical  electric  field  component  of  an  atmospheric  at 
distance  P  from  the  source  over  a  perfectly  conducting  earth 


E(  p.t) 


with  its  complex  Fourier  transform 

E(  p,  <u  )  =  |E  I  e1  ^  =  J K(p  ,  t)  *  dt 

—  no 

is  transformed  by  the  complex  transmission  function 
W(  p,  .  . )  -  |  W  |  e 

to  yield  the  spectral  amplitude 

E(  p » u  )  '  W(P.f>,P1,P2>..)  -  |E  I-  IW  |-  A  •  e1  0 


U) 


(2) 


(3) 


Here,  p^  are  all  Lite  terrestrial  parameters  which  influence  the  transmission  function.  Since  the  earth 
can  he  regarded  to  a  very  good  approximation  as  perfectly  conducting  in  the  far  field  (more  than  some 
100  km),  the  parameters  pj  describe  the  state  of  Uie  lower  ionosphere,  bimple  exponential  models  for  the 
electron  density  and  the  collision  number  profiles  in  the  lower  ionosphere  are  sufficient  for  VLF -reflec¬ 
tion  calculations,  because  the  main  reflection  takes  place  at  electron  densities  of  only  a  few  hundred 
elcctrons/emJ.  'The  electron  density  profile 


N(x)  =  NUu)  cxp(  b(z-z^)  )  (4) 

and  the  electron  -  neutral  particle  collision  frequency  profile 


vU)  1  v(zo)  exp( -a(/.-y.  )  )  (5) 

can  be  combined  in  the  model  calculations  to  form  the  ratio  of  the  squared  plasma  frequency  oi  to 
the  collision  frequency  v  ^ 


(z>/  vU) 


(i)  {■/.)  =  w  (z  )  exp(B  (r.-v.  )) 

r  r  o  o 


(G) 


with 


10,  (y)  =  u>2(z  )/v(z  )  ■  3.18-1USN(Z  )/  v(7.  )  (Nh)  in  cm'3)  (7) 

r  o  p  u  '  o  o  '  □ 

and  P  =  a  *  b.  za  is  the  ionospheric  reference  height,  <u  is  called  the  "conductivity  parameter"  ;  it  is 
the  only  relevant  parameter  for  a  pui  e  isotropic  plasma  (no  magnetic  field).  If  the  terrestrial  magne¬ 
tic  field  is  included,  the  gyrofrequcncy  of  the  electrons  has  to  be  regarded  as  the  second  important 

parameter,  which  can  also  be  normalized  to  the  collision  frequency  at  zfJ  to  yield  the  so  called 
"anisotropy  factur" 


Si  =  w  /  v  U  ) 
1  o 


(») 


Although  *■)  ,y  1h  actually'  a  U- component  vector  :,»r  arbitral',  directions  of  propagation,  it  is  Llie  Irani- 
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verse  component  of  the  earth  b  magnetic  field  that  is  the  most  decisive  (Wait,  1962),  so  that  the  anisotro¬ 
py  factor  is  related  only  to  that  component. 


3.  THE  DEPENDENCE  OF  VDF -ATMOSPHERICS  PARAMETERS  ON  THE  PROPAGATION  CONDITIONS 


The  highly  dispersive  character  of  the  transmission  function  (2)  in  the  VLF-band  offers  the  opportunity 
for  model  calculations  of  the  amplitude  and  phase  relationship  between  at  least  two  suitable  spectral 
groups  in  this  band.  The  atmospherics  receiver/analyser  uses  three  narrow  band  receivers  at  5,  7  and 
9  kHz.  The  first  atmospherics  parameter  is  the  Spectral  Amplitude  "SA"  at  5  kHz 


SA  -  AlP.iOj.Pj.Pjj,.  .  ) 


(9) 


Secondly,  the  ratio  of  the  amplitudes  at  9  and  5  Idlz  is  formed 


SAR 


A(P,«  j.Pj  ,P2.  •  ■ )  I  A(  p,o>g,pl,p2,. . ) 


(10) 


This  parameter  is  called  the  Spectral  Amplitude  Ratio  (SAR).  The  third  measured  parameter  is  the  time 
difference  in  the  arrival  times  of  the  spectral  groups  at  6  and  8  kHz,  called  the  Group  Delay  Time  Differ¬ 
ence  (GDD).  It  is  deduced  from  the  second  derivative  of  the  phase  0  in  (3)  witli  respect  to  frequency 
(Volland,  1968) 

320(p,iD,p  ,p  ,..) 

GDD  ;  At  = - ~ - - - Aai  .  (11) 

g  ID., 

In  termH  of  finite  differences  this  may  be  written 


GDD  -  At 


62  ~  0  m  H  m  -  0  1 

“2*“m  Ul  m  ~  Ul  1 


(12) 


0  2  -  2  0  n,  +  °1 

Ad) 


(13) 


with  0.  =  0(  ,),w  ,p  ,[),.. )  and  m  -  i,i  1  .,i  io  .  =  Am  .  Measuring  the  phases  (),  at!),  7und9kliz, 

1  lie  2  J  Ml  J  l 

the  first  derivatives  in  (12)  refer  to  U  and  dkll/.,  reap.,  so  that  their  difference  gives  the  time  delay  be¬ 
tween  these  spectral  groups. 


Models  of  these  three  spectral  parameters  allowing  their  dependence  on  the  conductivity  parameter  (li) 
and  the  anisotropy  factor  ( B )  have  been  calculated  by  Ilarth  (J972)  at  the  above  mentioned  frequencies,  lie 
used  values  of 


N(y.  )  =  300  cm 

o 

and 


v  (z  ) 
o 


b-10 


-1 

s 


/. 

o 

7, 

(J 


70  km  ,  H  •  0.3 
80  km  ,  P  0.0 


for  daytime  and 

for  nighttime  propagation  conditions. 


(14) 


The  anisotropy  factor  $2  varies  at  middle  latitudes  between  ea,  -1  for  west-east,  and  ea,  -H  for  east- 
west  propagation.  In  Kig.  2,  the  daytime  and  nighttime  models  for  Cil)l)  and  SAR  (denuted  by  their  refe¬ 
rence  heights  of  70  and  85  km,  resp.  )  ire  p Letted  as  function  of  S2  ill  the  range  between  the  dotted  lines. 
These  parts  of  the  curves  arc  based  on  a  linear  dependence  of  the  parameters  on  distance"  (Mm  1000  km). 
Unfortunately,  this  is  only  accurate  at  large  distances  from  the  source  (beyond  ea.  2000  km)  where  the 
first  inode  approximation  is  sufficient.  The  higher  modes  have  to  be  included  tor  consideration  at  closer 
distances.  This  leads  to  a  more  complicated  non-linear  behaviour  of  the  spectral  parameters  (Ilarth, 

1  98 J  a,  b). 

lu  order  to  account  for  these  deviations  from  Jinen1  ily,  v 1 1 » «  h  are  nearly  antiparallul  for  GDI)  .  ud  SAR, 
the  normal  range  of  9.  f-i  to  li)  has  been  artificial!  extended,  and  exponential  tails  have  b<  n  addl’d 
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to  the  models.  Interpolating  between  the  daytime  and  nighttime  models  by  means  of  the  height  dependence 
given  by  Volland  (1968)  and  including  the  exponential  extensions  one  obtains  the  following  functions  for 
GDD  and  SAR,  depending  on  the  anisotropy  factor  ^  and  the  reference  height  z  (in  km),  see  Fig.  2, 

GDl)(z,  s’.)  =  +  — —  (usee  /  Mm)  ,  (15) 

z  z 

witli 

a  =  GDD(85,  Q )  •  1.27-103  +  l.Ol'lO5  , 
b  =  GDD(85,  SI)  ■  70  I  1.89-10G 

GDD(85,S!)  29.3  -  3.3  -  7.6  +  exp(  -5“  -7)  -  cxp(5  Si  -  7) 

and 

lSAU(z,»)  =  +  —  (dU/Mni)  ,  (16) 

z  z 

with 

e  -  SAR(85,  fi  )  •  4.87-104  +  2.77-101’  , 

f  -  SA11  (85,  n )  •  78.3  +  3 ,04' 1 02 

SAK(85,fi  )  =  4.01-211-  exp(  -9 11  -  20)  . 

Because  of  the  greater  sensitivity  of  HA  to  disturbances  and  its  more  complicated  statistical  distribution, 
only  GDD  and  SAH  are  used  fur  the  modelling  at  this  stage. 

Uesidcs  these  propagation  effects  of  GDD  and  SAH  of  an  atmospheric  impulse,  the  source  terms  (origi¬ 
nating  in  the  lightning  stroke  itself)  of  these  parameters  have  to  be  considered.  During  the  course  of  the 
measurements,  the  values  of 

Vdli  for  .SAH  and 
-5usec  for  (}1)1> 

have  turned  out  to  fit  well.  These  quantities  arc  in  satisfactory  agreement  with  those  deduced  theoreti¬ 
cally  by  Volland  (1901)  using  a  wave  guide  lightning  model. 


4.  METHOD  UK  MEASUREMENTS  AND  DATA  EVALUATION 


The  computer  collects  the  data  of  [ill  atmospherics  within  a  measuring  period  of  20  minutes.  Subsequent¬ 
ly,  a  histogram  of  the  number  of  atmospherics  per  azimuth- interval  (1.5°)  is  calculated.  A  typical  ex¬ 
ample  of  such  a  histogram,  recorded  at  the  atmospherics  station  at  Tel  Aviv,  is  shown  in  Kig,  3  (lower 
panel).  Live  centers  of  activity  can  be  clearly  discerned.  All  activity  centers  are  fitted  by  normal  distri¬ 
butions  using  a  fitting  routine  included  in  the  operations  program  of  the  computer.  The  fact  that  activity 
centers  can  normally  be  fitted  quite  well  by  normal  distributions  indicates  that  they  can  be  regarded  as 
point  sources.  Theoretically,  the  horizontal  magnetic  vector  of  an  atmospheric  should  be  exactly  ortho¬ 
gonal  to  the  direction  of  incidence,  so  that  a  very  narrow  peak  should  be  measured  (conventional  direc¬ 
tion  finding  with  double  crossed  loops  is  used  In  ■).  However,  a  certain  disturbance  of  the  signals  is  al¬ 
ways  present,  which  can  lead  to  deflections  of  up  •  1U°  and  more  for  a  single  atmospheric  impulse.  Due 

to  the  random  character  of  these  disturbances,  a  statistical  analysis  of  an  activity  center  yields  the  exact 
position  and  the  strength  (atmospherics  /  min)  of  ib.it  center,  even  if  the  rate  per  minute  is  very  low 
(down  to  ca.  2 /min). 

[laving  determined  all  significant  activity  renters  in  the  azimuth  histogram,  the  spectral  parameters  of 
each  of  these  centers  are  evaluated  using  the  same  fitting  procedure  with  normal  distributions ,  The  histo¬ 
grams  of  GDD,  SAH  and  HA  of  the  thr  ee  largest  activity  centers  arc  shown  in  flic  upper  panel  of  Dig.  3. 

The  statistical  paramet  ers  of  the  spectral  and  angular  measurements  a»  *  listed  m  Hie  real  time  printer 
output  (see  inset  to  azimuth  histogram  -  lower  panel).  Kur  each  parameter  (  <|>  azimuth,  A  '  GDI), 
r  SAH  and  a  -  HA)  are  printed  the  peak  value,  the  width  (1  u)  and  the  total  number  of  impulses  (per 
minute)  of  the  corresponding  normal  distribution.  One  notices  that  the  assumption  of  a  normal  distribu- 
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tion  again  fits  quite  well  for  the  ODD  (in  usee)  and  SAR  (in  dB)  parameters,  especially  when  the  pulse 
rate  is  high  enough  (large  centers  of  activity  often  show  pulse  rates  ten  times  larger  than  these,  up  to 
200  per  minute  and  more).  This  is  again  due  to  the  unavoidable  disturbances  of  the  signals  along  their 
propagation  paths,  and  to  the  internal  spread  of  the  values  in  the  sources,  but  this  obviously  does  not 
affect  the  location  of  the  peak  values.  A  more  difficult  situation  arises  for  the  SA  parameter.  Although 
its  histogram  normally  follows  a  logarithmic  normal  distribution  (Volland,  1968),  the  statistical  para¬ 
meters  can  sometimes  be  evaluated  only  with  quite  large  uncertainties.  This  happens  particularly  for 
very  distant  sources,  when  only  the  large  amplitude  wing  of  the  distribution  can  be  recorded  because  the 
left  part  is  below  the  receiver  threshold.  This  threshold  is  defined  in  the  receiver  as  OdB.  It  corres¬ 
ponds  to  a  spectral  field  strength  of  ca.  0.8  uV  •  rn"  *  •  Hz*^  .  Measuring  SA  in  DB  above  this  threshold 
again  implies  a  normal  distribution  of  this  parameter. 


DETERMINATION  OR  TUB  VLF- PROPAGATION  CONDITIONS  AND  Till*]  DISTANCES  OF  TUB 
ACITIVITY  CENT BllS 


In  order  to  determine  the  model  values  of  the?  spectral  parameters  at  the  receiving  station,  one  has  to 
know  three  independent  variables  (see  Fig.  2) : 

(a)  the  reference  height  z  of  the  lower  ionosphere. 

o 

(b)  the  anisotropy  factor,  n 

(e)  the  distance  of  the  activity  center. 


Therefore,  by  measuring  the  three  independent  spectral  parameters  ODD,  SAR  and  SA,  one  should  the¬ 
oretically  be  able  to  determine  the  variables.  Due  to  the  more  complicated  distribution  of  SA,  only  ODD 
and  SAR  arc  used  at  this  stage  of  development  of  the  system.  An  extension  of  the  model  including  the  SA 
parameter  is  in  progress.  For  the  present,  however,  one  of  the  independent  variables  has  to  be  inserted 
externally  into  the  model.  The  variable  chosen  is  the  reference  height  of  the  lower  ionosphere.  It  is  de¬ 
termined  by  the  operations  program  simply  as  a  function  of  the  zenith  angle  of  the  sun  for  any  given  point 
on  the  globe.  The  universal  lime  (GMT),  available  in  the  computer,  and  a  fundamental  spherical  analysis 
is  used  for  this  task.  Now  the  computer  uses  an  iterative  algorithm  Lo  determine  that  unique  value  of  ^  , 
for  which  the  distances,  deduced  from  the  measured  (11)1)  and  SAR  values  with  the  aid  of  the  models  in 
Fig.  2,  become  equal.  Additionally,  the  mean  ionospheric  reference  height  along  the  propagation  path 
(depending  on  Uie  mean  zenith  angle  of  the  sun)  is  taken  into  account.  By  this  method,  the  appropriate 
U  -  value  is  determined  internally  together  with  the  distance.  The  parameters  A  ,  ss  and  the  distance  are 
printed  out  immediately.  Fig.  8  and  Fig.  4,  which  was  taken  one  hour  later,  clearly  demonstrate  the  effi¬ 
ciency  of  the  calculation  method.  As  an  example,  one  notices  that  the  two  largest  activity  centers  near 
28°  and  304°  azimuth  remain  nearly  constant  in  direction  and  distance  (this  will  be  shown  in  more  detail 
Inter).  Though  llu;  GDI)  and  SAR  values  for  these  centers  change  during  tins  time  (in  a  anliparallei  man¬ 
ner),  the  distances  are  accurate  within  0.28%  and  2%,  roup,  .  Thu  appropriate  H  -value  for  these  direc¬ 
tions  has  shifted  according  to  the  propagation  inudel  (Fig.  2).  Generally,  the  distances  are  correct  to 
within  about  .‘3%.  An  exception  to  this  rule  are  thorn-  eases,  where  the  propagation  direction  traverses  the 
terminator  at  very  small  angles  and  where  the  terminator  is  very  close  to  the  receiver.  An  optimization 
of  the  model  for  these  conditions  is  being  developed. 


15,  MEASUREMENT  EXAM  FEES 


The  measured  and  evaluated  atmospherics  data  are  not  only  printed  out,  but  also  stored  on  I  he  magnetic 
tape  cassette  of  the  computer  with  a  capacity  of  approximately  one  month  of  data  recording.  The  system 
includes  a  small  desktop  plotter  (DIN  A 4)  fur  real  Lime  use  of  the  data,  which  marks  the  strengths  and 
the  locutions  of  the  recorded  thunderstorm  centers  directly  on  a  map.  Figs.  5  and  (5  show  two  examples 
of  sum  recordings.  Activity  centers  are  marked  by  a  small  triangle  with  a  pointer,  whose  length  is  pro¬ 
portional  to  the  strength  of  the  center  (atmospherics  /  min)  and  whose  direction  gives  the  time  (GM  T) 
like  a  clock.  In  'Gg.  5,  the  plot  sheet  has  been  in  the  plotter  fur  5  hours  (8:00-13:00  GMT*  on  23.  June 
1981),  i.o.  during  Hi  measuring  periods.  The  activity  centers  at  8:30  and  9:30  GMT,  shown  in  detail  in 
Figs.  3  and  4,  can  be  clearly  identified.  As  already  mentioned,  the  locations  of  the  largest  ccMiters  in 
Figs.  3  and  4,  near  38°  and  304°,  remain  nearly  constant.  The  first  one  is  a  stationary  activity  center 
east  of  the  Gaspian  tie  a,  which  begins  to  develop  at  8:00  GMT  and  strengthens  considerably  up  to  12:00 
GMT'.  This  development  is  also  evident  from  Figs.  3  and  4.  The  second  example  is  also  a  stationary  cen¬ 
ter  in  the  western  Medileranen" .  which  gradually  decays  during  this  measuring  period.  Furthermore, 
a  large  activity  region  develops  at  around  noon  in  eastern  Europe,  which  exhibit;;  a  shift  in  the  location 
of  the  peak  intensity.  'This  overall  picture  agrees  well  with  the  meteorological  condition  and  frontal  sys¬ 
tem  of  that  rlny,  as  verified  on  the  synoptical  charts.  These  weather  maps,  however,  are  available  only 


(■very  6  hours  and  give  no  information  on  the  strength  and  development  of  the  activity  centers. 

Fig.  (j  shows  a  similar  picture  of  the  recorded  thunderstorm  activity  during  1G.5  hours  (therefore  sonic- 
overlapping  pointers  occur),  mainly  at  nighttime  propagation  conditions.  During  those  times  when  the 
strong  West  African  sources  are  weak  (in  this  ease  around  2:00  GMT), 'strong  activity  centers  can  be  de¬ 
tected  in  South  America.  This  gives  some  indication  of  the  range  of  the  system:  activity  centers  in  the 
western  direction  can  be  recorded  during  nighttime  at  distances  of  up  to  12  000km,  whereas  sources  in 
the  east  are  visible  only  at  distances  of  up  to  about  7  000  km  (during  nighttime).  Atmospherics  sources 
can  generally  be  detected  during  the  day  at  distances  of  only  up  to  G0%  of  the  nigttime  values. 

The  strong  sources  over  the  African  continent  are  always  detectable  at  Tel  Aviv  during  nighttime  and 
partly  also  at  daytime.  Sources  in  South  America  and  in  the  western  Atlantic  (see  Fig.  6)  are  also  often 
recorded,  Together  with  the  station  at  Pretoria,  which  records  the  same  sources  over  the  African  con¬ 
tinent  and  in  South  America,  and  with  the  station  at  Berlin,  these  continuous  sets  of  data  are  used  for 
optimizing  the  propagation  models  of  the  atmospherics  parameters  and  for  investigations  of  the  general 
characteristics  of  the  propagation  conditions  and  the  (half)  global  lightning  activity. 


7.  CONCLUSIONS 


A  new  method  of  evaluating  atmospherics  data,  including  the  strength  and  locations  of  lightning  activity 
centers  and  the  appropriate  V Li1' -propagation  conditions,  is  presented.  The  new  VLl,’-atmospheries  re¬ 
ceiving  station  is  controlled  completely  automatically  by  a  desktop  computer  (IIP  91)25),  which  also  makes 
a  statistical  analysis  oi  the  received  atmospherics  data  and  applies  a  sophisticated  VLF -propagation  mo- 
dcl  for  evaluating  the  parameters  of  the  propagation  model  as  well  as  the  distances  and  strengths  of  the 
activity  centers  in  real  time,  in  order  to  have  an  immediate  overview,  the  detected  atmospherics  sources 
are  plotted  directly  on  a  map  by  means  of  a  small  desktop  plotter,  and  the  data  are  additionally  stored 
on  magnetic  tape  cassettes. 

The  accuracy  of  direction  finding  is  in  general  accurate  to  0.5°,  depending  on  the  stulionurity  and  form 
of  tiie  activity  center.  The  determination  of  the  spectral  parameters,  as  well  us  the  subseqi  i  nt  determi¬ 
nation  of  1  We  distance  of  an  uotivily  center  by  employing  a  suitable  VLF -propagation  model,  Is  possible 
to  an  accuracy  of  around  5%.  Further  improvement  is  expected  wiLli  an  increasing  number  of  stations, 
which,  by  means  of  cross-bearings,  will  assist  in  tin  development  of  optimal  models.  The  maximum 
rengo  within  which  thunderstorm  can  be  located  extends  from  cu.  4000  km  for  eastern  centers  at  day¬ 
time  to  ca.  12  000  km  for  sources  in  the  western  direction  during  nighttime.  The  minumum  range  is 
around  200  km,  at  which  an  unambiguous  dolorininalion  ui  the  distance  becomes  difficult  due  to  the  over¬ 
whelming  influence  of  the  higher  modes. 
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THE  HIGHER  ORDER  MODE  INFLUENCE  IN  THE  LOWER  VLF-RANGE 
MEASURED  AT  MEDIUM  DISTANCES 


b> 

W.Harth 

Max  Planck  Institut  fur  Radioastronomie 
Bonn,  Auf  dcm  I'ugel  69 
FRG 


ABSTRACT 


For  a  longlasting  thunderstorm  region  over  the  Bay  of  Biscay  and  in  Western  France  the  spectral  atmospherics 
parameters  ODD  (Group  Delay  Time  Difference)  and  SAR  (Spectral  Amplitude  Ratio)  in  the  lower  VLF  range  have 
been  measured  with  the  atmospherics  analyzer  in  Bonn. 

The  fluctuation  of  these  parameters  with  time  can  be  interpreted  when  we  consider  the  influence  and  the  contri¬ 
bution  of  higher  order  modes  within  these  propagation  distances  (lower  than  2000  km).  The  derived  motions  of  the 
integral  mean  activity  is  in  agreement  with  the  wind  direction  in  the  500  mb  map. 

The  field  representation  is  taken  from  Wait’s  work  including  his  surface  impedance  concept. 
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INTERACTIONS  ONDES-PARTICULES  ET  DNDE-ONDE 
ENGENDREES  PENDANT  LE5  TRANSMISSIONS  T.B.F. 
OE  KAFJORO,  NORVEGE 


M.  GARNIER  et  N.  CAVACIUTI 

Laboratoire  de  Physique  et  Oynamique  de  l'Atmosphfere 
University  Pierre  et  Marie  Curie,  Paris 

et 

H.C.  KOONS  et  M.H.  DAZEY 
Space  Sciences  Laboratory 
The  Aerospace  Corporation 
Los  Angeles,  California 


RESUME 

L'interaction  dans  la  magnetosphere  entre  des  signaux  artificiels  et  les  electrons  peut  entrainer  soit 
une  amplification  des  ondes  soit  la  generation  d'ondes  de  frequence  diffSrente.  De  plus  un  signal  artifi- 
ciel  peut  imposer  sa  frequence  a  un  signal  natural  de  frequence  voisine  ou  engendrer  des  bandes  de  silence 
dans  la  magnetosphere. 

En  1978  l'Universite  Pierre  et  Marie  Curie  et  l'Aerospace  Corporation  ont  install^  en  Norvege  un  Smet- 
teur  d'ondes  T.B.F.  L'antenne  utillsee  est  une  ligne  yiectrique  de  15  km  environ  accordSe  S  la  frequence 
d’emissian.  L'Universite  de  Paris  utilise  un  fimetteur  de  1  KW  qui  alimente  l'antenne  avec  un  courant  maxi¬ 
mum  de  8  amperes.  L'Aerospace  Corporation  utilise  l'emetteur  TVLF,  le  courant  d'antenne  est  alors  compris 
entre  20  et  45  amperes. 

Les  transmissions  ont  6t6  effectu6es  lorsque  les  satellites  GEOS  2  et  SCATHA  ytaient  pres  du  rnSridien 
magnStique  de  l'Smetteur. 

Les  signaux  ymis  ytaient  soit  &  frequence  fixe  puls§e,  soit  une  onde  entretenue  balayfee  en  frequence. 
Des  signaux  associes  aux  ymissions  ont  yty  dStectSs  par  les  rfecepteurs  des  satellites  a  plusieurs  reprises. 

Le  premier  type  d' Emission  a  permis  1 ' enregistrement  de  signaux  du  type  PLHR  (Power  Line  Harmonic 
Radiation).  Des  Emissions  d6clenchyes  (ASE),  des  Slements  de  choeur  et  une  bande  de  silence  ont  aussi  yty 
engendrys . 

Les  deux  types  d'ymission  ont  engendry  ou  renforqy  le  souffle  magnytosphyrique  S  une  fryquence  cons- 
tante  pendant  les  ymissions  a  fryquence  fixe  et  S  une  fryquence  variable  pendant  une  §mission  en  balayage 
de  fryquence.  A  deux  reprises  les  ymissions  S  fryquence  variable  ont  imposy  leur  fryquence  aux  signaux  na- 
turels. 


ABSTRACT 


Interactions  in  the  magnetosphere  between  man-made  VLF  waves  and  rlectrons  can  produce  either  an  enha- 
cement  of  the  wave  or  the  generation  of  waves  at  a  different  frequency.  Furthermore  natural  emissions  can 
be  frequency  shifted  or  modified  by  a  nearby  transmitter  signal. 

Injection  of  VLF  waves  into  the  magnetosphere  was  initiated  in  1978  in  Norway  by  both  University  of 
Paris  and  The  Aerospace  Corporation.  The  antenna  is  a  15  km  power  line  tuned  at  the  transmitted  frequency. 
The  University  of  Paris  used  a  1  KW  transmitter  to  drive  the  antenna  with  a  maximum  current  of  8  amperes. 
The  Aerospace  Corporation  used  the  TVLF  transmitter  with  an  antenna  current  between  20  and  45  amperes. 

Transmissions  were  conducted  when  the  SCATHA  and  GEOS  II  satellites  were  near  the  magnetic  meridian 
of  the  transmitter. 

Transmitted  signals  were  either  keyed  fixed  frequency  or  continuous  waves  swept  in  frequency.  Signals 
correlated  with  the  transmissions  were  detected  by  the  satellite  receivers  on  several  dates. 

With  the  first  type  of  transmission  .signals  similar  to  power  line  Harmonic  Radiation  (PLHR)  were  re¬ 
corded.  Artificially  stimulated  emissions  (ASE),  chorus  elements  and  magnetospheric  induced  quiet  band  are 
also  likely  to  have  been  triggered.  Both  types  of  transmissions  triggered  or  enhanced  hiss  at  a  constant 
frequency  during  fixed  frequency  transmissions  or  at  a  variable  frequency  during  a  swept  frequency  trans¬ 
mission  . 

During  swept  frequency  transmissions  in  two  cases  natural  emissions  were  frequency  shifted  by  the 
man-made  signal. 
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I.  DESCRIPTION  OE  L' EXPERIENCE  ET  TRAITSMENT  DES  OONNEES. 

06s  1975  il  a  EtE  proposE  de  tenter  d’Emettre  des  signaux  artificiels  de  trEs  basse  frequence  vers  le 
satellite  GEOS.  Une  antenne  devait  6tre  construlte  en  Su6de  mais  du  fait  du  prix  61 evE  de  1 ’operation  il 
a  EtE  dEcidE  d'utiliser  une  ligne  Eiectrique  comma  antenne.  Une  premiEre  ligne  a  EtE  essayEe  en  NorvEge 
prEs  d'Andenes,  il  a  ainsi  EtE  possible,  en  Mars  1978,  d’effectuer  des  Emissions  E  destination  de  GEOS  I. 
L'utilisation  de  cette  ligne  a  alors  entralnE  d 1 importantes  perturbations  sur  le  rEseau  de  distribution 
Eiectrique  norvEgien  et  1' experience  a  du  Etre  arrEtEe  prEmaturEment . 

Une  autre  ligne  Eiectrique  fut  trouvEe  prEs  de  Sortland  et  l’Emetteur  TVLF  de  l'Aerospace  Corporation 
(KOONS  H.C.  and  0A2EY  M.H.,  1975)  a  EtE  utilise  en  Octobre  1978  pour  des  emissions  vers  GEOS  II.  Plusieurs 
examples  de  signaux  requs  seront  presentes  par  la  suite.  Les  emissions  puls6es  S  1525  Hz  ont  entralne  de 
trEs  importantes  interferences  avec  le  r6seau  teiephonique  et  les  emissions  ont  aussi  dO  Etre  arrEtEes. 

Une  troisiEme  et  derniere  ligne  eiectrique  fut  proposee  en  1979  par  la  NorvEge  prEs  de  Kafjord 
.'1,4°  N  i  20,9°  E).  Elle  est  instaliee  sur  la  montagne  et  peut  §tre  utilisEe  toute  la  journEe  sans  aucune 
ii._erfErence  avec  le  reseau  teiephonique.  Sa  longueur  totals  de  15  km  environ  est  utilis6e  avec  l’6metteur 
de  l’Universite  de  Paris,  seulement  10,6  km  sont  utilises  lors  du  fonctionnement  de  1’Emetteur  TVLF  afin 
d’eviter  certaines  interferences  avec  le  r6seau  teiephonique.  Des  emissions  ont  eu  lieu  en  Mai  et  Aout  1979 
ainsi  qu’en  Mars,  Mai,  Aout  et  Octobre  1980. 

Ce  papier  presents  quelques  resultats  obtenus  au  cours  des  campagnes  d' emission.  Au  cours  de  certaines 
le  satellite  GEOS  II  etait  active  mais  l'ensemble  des  donnees  n'est  pas  encore  disponible.  Le  satellite 
amdricain  SCATHA  lance  en  Janvier  1979  se  trouvait,  6  1’ exception  de  Mars  1979,  pr6s  du  mdridien  magndti- 
que  de  Kafjord.  Pendant  environ  deux  heures  par  jour  le  satellite  etait  active  et  recevait  en  large  bande 
les  signaux  de  trEs  basse  frequence. 

Le  satellite  GEOS  II  est  gdostationnaire  5  une  longitude  de  36,2  degrEs  Est.  L’orbite  de  SCATHA  a  une 
inclinaison  de  7,9  degrds,  une  pdriode  de  23h35  mn,  un  apogEe  de  7,78  rayons  terrestres  et  un  p6rig6e  de 
5,32  rayons  terrestres.  Le  spin  du  satellite  est  de  1  tour  par  minute. 

Le  rEcepteur  VLF  de  SCATHA  utilise  2  antennes  pour  dEtecter  les  composantes  magnEtique  et  Eiectrique 
des  emissions.  La  sensibilitE  du  rEcepteur  est  a  1,3  KHz  de  5  x  10~7  V/m  [Hz)172  pnur  la  composante  Elec- 
trique  et  de  3  x  10*6  y'(Hz)1/2  pour  la  composante  magnEtique. 

Les  donnEes  reques  sont  transmises  en  large  bande  de  0  a  5  KHz.  A  un  instant  donnE,  les  donnEes  d’une 
seule  antenne  sont  transmises.  Normalement  les  antennes  sont  commutEes  automatiquement  toutes  les  16  secon- 
des . 


En  Mai  1979,  1' antenne  Etait  accordEe  a  diffErentes  frequences  entre  1200  et  2500  Hz  par  une  self  va¬ 
riable.  L'emetteur  avait  une  pu’ssance  de  1  KW.  Deux  types  d'Emission  ont  EtE  effectuEs  : 

-  des  emissions  pulsEes  -  4  secondes  toutes  les  12  secondes  -  h  1280  Hz. 

-  des  balayages  de  frequence  linEaires  de  1350  Hz  a  2550  Hz  au  rythme  de  300  Hz  toutes  les  176  secon¬ 
des.  Cette  pente  a  EtE  choisie  en  fonction  du  rythme  de  balayage  du  rEcepteur  du  satellite  GECS  II. 
Pendant  ces  Emissions  l’antenne  Etait  accordEe  tous  les  300  Hz  a  1500  Hz,  1800  Hz,  2100  Hz  et 

2400  Hz.  il  etait  ainsi  passible  d'obtenir  un  courant  maximum  de  8  ampEres.  Le  temps  de  commutation 
Etait  trEs  court  devant  la  durEe  du  balayage. 

En  Juillet  1980  l’antenne  dtait  accordde  6  1280  Hz  ou  6  1420  Hz  par  une  self  avec  une  bande  passante 
de  16  hertz.  Pendant  10  minutes  toutes  les  15  minutes  le  rdcepteur  du  satellite  SCATHA  dtait  connects  a 
l’antenne  eiectrique.  Diffdrents  types  de  pulsage  ou  de  balayage  de  frdquence  ont  dtd  exdcutds. 

En  Octobre  1980,  outre  des  balayages  de  frdquence  identiques  a  ceux  de  Mai  1979,  un  autre  type  d'emis- 
sion  a  dtd  effectud.  Le  signal  dmis  dtait  d  une  frdquence  F^  pendant  20  ou  40  secondes  puis  d  une  frequence 
F2  pendant  les  20  ou  40  secondes  suivantes. 

Les  spectrogrammes  prdsentes  ont  dtd  obtenus  d  l'Universitd  de  Paris  d  partir  des  bandes  analogiques 
du  satellite  SCATHA  ou  des  bardes  numdriques  du  satellite  GEOS  II.  L’analyse  spectrale  a  dtd  effectude  en 
temps  rdel  avec  un  transformateur  de  Fourier  rapide  (FFT)  connectd  d  un  miniordinateur.  Il  est  possible 
d'obtenir  soit  une  analyse  FFT  en  large  bande  soit  une  loupe  FFT  en  temps  rdel  de  n'importe  quelle  partie 
du  spectre.  La  modulation  de  brillance  du  terminal  graphique  du  miniordinateur  par  les  spectres  successifs 
permet  d'obtenir  la  prdsentation  classique  des  spectrograrrmes .  Le  logiciel  dcrit  dans  ce  but  possede  une 
propridtd  fondamentale  :  quelle  que  soit  l'amplitude  du  signal  d’entrde,  le  rSsultat  de  la  FFT  est  multiples 
par  la  puissance  de  2  qui  le  ramEne  au  maximum  de  la  dynamique  de  la  modulation  de  brillance.  Il  est  ainsi 
possible  de  ddtecter  des  signaux  trEs  faibles.  Les  spectrogrammes  presentds  par  la  suite  doivent  etre  lus 
de  la  faqon  suivante  :  une  augmentation  riu  niveau  du  signal  n' entralne  pas  un  noircissement  plus  important 
du  spectrogramme  mais  une  diminution  du  noircissement  du  au  bruit. 

II.  RESULTATS  EXPERIMENT AUX. 

A)  SOUFFLE  MAGNETOSPHERIOUE  -  26  Mai  1979. 

Quelques  exemples  des  spectrogrammes  obtenus  le  26  Mai  1979  sont  prSsentEs  sur  les  figures  1  A  4.  Les 
figures  1  et  2a  correspondent  aux  signaux  requs  entre  13:36  TU  et  13:50  TU.  De  13:36  a  13:40  aucune  Emis¬ 
sion  n’a  EtE  effectuEe  et  l'on  remarque  la  commutation  toutes  les  16  secondes  entre  l'antenne  magnEtique 
(bruit  maximum)  et  l'antenne  Eiectrique.  Pendant  cettc  pEriode  le  satellite  reqoit  seulement  un  faible 
souffle  magnEtosphErique  compris  entre  1200  et  1800  Hz  et  noyE  dans  le  bruit.  Une  Emission  S  1280  Hz  dEbu- 
te  6  13:40  TU,  S  partir  de  ce  moment  le  niveau  du  souffle  augmente  pendant  environ  2  minutes  et  sa  largeur 
de  bande  dEcroit  (figure  2a).  L ' amplification  du  souffle  due  S  1 ' intEraction  avec  notre  Emission  atteint 
15  dEcibels,  cette  amplification  n'existe  plus  quand  vers  14:00  TU  dEbute  un  balayage  ue  frEquence  et  ia 
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frequence  du  faible  souffle  est  centr6e  vers  1400  Hz.  Pendant  3  minutes  de  14:02  TU  5  14:05  TU  11  y  a  en¬ 
core  amplification  du  souffle  (figure  2b)  lorsque  la  frequence  d’fimission  est  proche  de  celle  du  souffle 
mais  cependant  avec  un  retard  de  l'ordre  de  90  secondes. 

L'amplification  se  produit  a  nouveau  a  14:12  TU  pendant  une  Emission  a  frequence  fixe  et  dure  Jusqu’a 
14:30  TU  fin  de  cette  Emission  (figure  3a).  L'amplification  est  alors  de  15  decibels. 

De  14:30  TU  a  14:42  TU  un  balayage  de  frequence  entraine  une  nouvelle  amplification  du  souffle  a  par- 
tir  de  14:34  TU  avec  un  retard  de  3  minutes  par  rapport  ?v  moment  ou  la  frequence  d' Emission  est  §gale  a 
celle  du  souffle.  Pendant  cette  Emission  la  frequence  du  souffle  decroit  de  1400Hz  a  14:34  TU  S  1100  Hz  a 
14:42  TU  alors  que  la  frequence  d’emission  augmente. 

La  frequence  du  souffle  redevient  constante  (figure  4b)  b  partir  de  14:42  TU  d£but  d’une  nouvelle 
emission  a  frequence  fixe. 

Ces  resultats  prouvent  l’existence  d'une  etroite  correlation  entre  les  emissions  et  le  niveau  de  souf¬ 
fle.  Une  amplification  pouvant  atteindre  15  decibels  prend  naissance  pendant  les  emissions  a  frequence  fi¬ 
xe  ou  lorsque  la  frequence  est  voisine  de  celle  du  souffle.  Dans  un  cas  le  processus  d'amplification  se 
produit  pendant  tout  le  balayage  et  la  frequence  du  souffle  varie  avec  la  frequence  d'emission.  Lesproces- 
sus  d'amplification  s ' etablissent  en  2  minutes  environ  dans  les  difffirents  cas. 

B)  EMISSIONS  EN  BANDS  ETROITE  -  27  Hal  1979. 

Les  spectrogrammcs  obtenus  le  27  Mai  1979  (figure  5)  sont  la  rSsultat  d’une  loupe  FFT  centrOe  sur  la 
frequence  d'emission.  La  frequence  centrale  est  1280  Hz  pour  les  Emissions  a  frequence  fixe  et  varie  pen¬ 
dant  les  balayages  de  frequence.  Dans  ce  dernier  cas  un  signal  a  frequence  fixe  a  une  pente  negative  sur 
les  spectrogrammes  (figure  Sa)  alors  que  le  signal  regu  se  manifeste  par  une  ligne  pratiquement  horizonta- 
le  (figures  6b  et  6c). 

Les  lignes  horizontales  S  1140  Hz,  1260  Hz  et  1380  Hz  de  la  figure  5a  corespondent  a  des  harmoniques 
du  60  Hz  enregistrSs  sur  les  bandes  avec  les  signaux.  les  harmoniques  du  50  hertz  du  r§seau  eiectrique 
europfien  ne  sont  pas  directement  d6tectables. 

Avant  21:42  TU,  debut  d'une  emission  a  1280  Hz  seuls  les  harmoniques  du  60  Hz  et  du  bruit  sont  detec- 
tables.  Apres  21:42  TU,  un  faible  signal  a  1280  Hz  est  amplifie  avec  un  leger  (i  20  Hz)  dficalage  de  frequen¬ 
ce.  Ce  signal  similaire  aux  PLHR  decrits  par  HELLIWELL  R.A.  et  al.1975,  a  ete  gener£  par  l'emission.  Entre 
21:53  TU  et  21:55  TU  la  frequence  du  signal  augmente  -  est  matntenue  constante  au  voisinage  de  1300  Hz  - 
puis  dScroIt  aprSs  avoir  atteint  1350  Hz,  ces  deux  frequences  sont  des  harmoniques  de  50  Hz.  Ce  phenomene 
est  idcntique  aux  interactions  onde  onde  entre  les  harmoniques  des  lignes  eiertriques  et  les  emissions  de 
Siple  decrites  par  HELLIWELL  R.A.  et  al.  (1975),  sa  durde  -  de  l’ordre  de  2  Minutes  -  est  cependant  beau- 
coup  plus  importante  que  celle  des  phenornSnes  presentes  par  HELLIWELL. 

Un  signal  a  1280  Hz  est  regu  aprds  21:57  TU  et  entre  21:59  TU  et  22:01  TU,  quatre  emissions  dSclen- 
ch£es  (,"SE)  avec  une  pfjrtode  voisine  de  24  secondes  sont  regues  quand  le  niveau  de  bruit  est  faible,  c'est 
e-dire  sur  l'antenne  eiectrique.  Ces  signaux  ont  etc  engendris  par  nos  emissions.  La  p^riode  de  24  secondes 
est  double  de  la  p^riode  de  pulsage  et  peut  etre  expliquee  par  le  fait  que  -  a  cause  du  niveau  de  bruit 
sur  l’antenne  magnetique  -  un  signal  sur  deux  ne  peut  etre  detectd. 

Deux  emissions  en  balayage  de  frequence  ont  pu  etre  detectees  le  27  Mai  1979  -  figure  6b  entre 
21:38  TU  et  21:40  TU  et  figure  6c  entre  21:18  TU  et  21:19  TU  -  et  cnt  donne  naissance  a  des  signaux  prati¬ 
quement  constants  en  frequence  sur  les  spectrogrammes  en  balayage  de  frequence.  Ces  signaux  sont  A  nouveau 
li6s  b  des  interactions  onde-onde  puisque  1 ’ observation  des  spectrogrammes  en  large  bande  montre  1' existen¬ 
ce  de  signaux  naturels  dont  la  frequence  est  perturbee  lorsque  celle  du  balayage  lui  devient  voisine. 

Pendant  la  deuxieme  p^riode  le  satellite  GEOS  II  etait  active,  le  depouillement  preliminaire  de  la 
bande  numfirique  montre  que  le  balayage  de  frequence  a  aussi  ete  detects  par  ce  satellite.  A  cette  p6riode 
la  position  des  deux  satellites  etait  trSs  diffgrente  : 

-  GEOS  longitude  36.2  E  L  *  6.6 

-  SCATHA  longitude  43.2  L  =  0.4 

une  analyse  compar^e  des  rSsultats  obtenus  devrait  permettre  de  comprendre  )e  m^canisme  de  propagation  des 
ondes  entre  la  zone  d'interaction  et  les  satellites. 

C)  SOUFFLE  ET  CHOEUR  -  20  Julllet  1980. 

Le  20  Julllet  entre  13:25  TU  et  14:00  TU  se  sont  succedes  differents  types  de  pulsage  de  la  frequence 
1280  Hertz.  Jusqu'S  13:26  TU  1'emission  consiste  en  une  sequence  d’une  minute  compusSe  de  pulses  de  duree 
croissante  jusqu'e  12  secondes.  De  13:26  TU  a  13:35  TU  1’emissiDn  consiste  en  une  modulation  en  signaux 
carrfis  de  pSriode  10  secondes,  de  13:35  TU  £  13:45  TU  la  pgriode  est  de  60  secondes,  de  13:45  TU  b  13:50  TU 
la  pgriode  est  de  2  secondes,  b  partir  de  13:50  TU  le  premier  type  d'emission  repreni. 

A  13:30  TU  la  ligne  de  force  du  champ  giomagnetique  passant  par  le  satellite  rencontre  l’altitude 
100  km  a  0,3°  Ouest  et  0,3°  Sud  de  Kafjord. 

Une  bande  de  souffle  de  largeur  150  Hz  ot  centn§e  vers  1250  Hz  est  detectee  A  partir  de  13:28  TU,  so" 
amplitude  crolt  pendant  la  modulation  a  10  secondes  et  plus  fortement  pendant  celle  b  60  secondes.  le 
souffle  le  plus  fort  etant  regu  entre  13:35  TU  et  13:40  TU. 

A  partir  de  13:40  TU  et  jusqu'S  la  fin  de  la  modulation  &  60  secondes  des  61§ments  occasionnels  de 
choeur  sont  regus  :  le  choeur  devient  permanent  pendant  la  sequence  d'emission  de  pulses  de  longueur  varia¬ 
ble. 
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II  y  a  une  nette  correlation  antre  ces  signaux  at  notre  emission,  1 'occurrence  des  616ments  da 
choeur  na  samble  capendant  pas  li6a  b  la  frequence  da  pulsage. 

Comma  pour  las  examples  precedents,  la  signal  direct  da  l'emattaur  n'a  pas  ete  detacte  bien  que  la 
presence  de  sifflements  prouve  l'existance  d'un  trajet  de  propagation  antre  la  guide  d'onde  terre- ionosphe¬ 
re  et  la  satellite. 

D)  3 AN 06  DE  SILENCE  -  20  Octobre  1980. 

La  2  Octobre  1980  la  satellite  SCATHA  a  ete  declanche  b  12:37  TU  lorsqu'une  emission  b  1460  Hz  et 
1520  Hz  auait  lieu  b  Kafjord.  Simultanemant  l'emetteur  de  Siple  emettait  une  succession  de  rampes  de  fre¬ 
quence  montante  puis  descendants  entre  1  et  2  KHz.  Les  spectrogrammes  de  la  figure  8  montrent  la  presence 
de signaux-essentiellement  constitues  d'6iements  da  choeur  -  compris  entre  1  et  2  KHz.  Une  bande  de  silence 
comprise  entre  1500  et  1600  Hz  est  d’autre  part  nettement  visible.  L’ensemble  des  phenomfenes  disparalt  et 
le  cadencement  des  antennes  redevient  visible  b  partir  de  12:54  TU,  soit  environ  4  minutes  aprfes  1’arrSt 
simultane  des  emissions  b  Kafjord  et  b  Siple. 

Le  phenomena  observe  qui  semble  nettement  correie  avec  les  emissions  effectu6es  est  analogue  b  celui 
decrit  par  RAGHURAM  R.  et  al,Cl977)  pour  les  bandes  de  silencB  dans  le  souffle  magnetospherique  et  pour 
lequel  une  interpretation  a  ete  proposes  par  CORNILLEAU  N.  et  GENDRIN  R.  £1979).  II  faut  cependant  noter 
que  dans  le  cas  present  la  bande  de  silence  est  situSe  au-dessus  de  la  frequence  d' emission  alors  que 
RAGHURAM  R.  et  al  l'observent  en-dessaus  de  la  frequence  de  l'emetteur.  La  constante  de  temps  de  dispari- 
tion  de  l'ordre  de  4  minutes  est  superieure  b  cslles  observees  par  RAGHURAM. 

III.  INTERPRETATION  ET  CONCLUSION. 

Tous  les  exemples  presentes  sont  lies  b  des  interactions  entre  ondes  ou  entre  ondes  et  electrons  dans 
la  magnetosphere.  Le  signal  direct  et  sa  modulation  n'ont  cependant  pas  ete  clai’-ement  mis  en  evidence  du 
fait  de  la  trSs  faible  puissance  d’emission.  Nous  apportons  ainsi  la  preuve  que  s’il  existe,  le  niveau  mini¬ 
mum  de  signal  necessaire  pour  exciter  les  interactions  est  tr&s  faible. 

L' absence  de  modulation  sur  les  signaux  requs  peut  s’expliquer  par  une  augmentation  de  le  constante  de 

temps  des  interactions  ondes  particules  dans  la  magnetosphere  exterieure  par  rapport  b  la  plasmasphere.  Les 

constantes  de  temps  decrites  ici  -quelques  minutes  -  sont  de  5  b  10  fois  superieures  A  celles  observees  aux 

latitudes  plus  faibles  L  ■*  4  par  HELLIWELL  R.A.  et  al.  Ceci  implique  que  les  electrons  doivent  se  refl6chir 

plusieurs  fois  d’une  hemisphere  b  l'autre  avant  le  developpement  complet  des  ph6nom6nes. 

Si  cette  hypoth&se  est  Justifiee,  1 ’ utilisation  d’un  code  de  modulation  tr&s  lent  devrait  permettre  de 
metlre  en  evidence  la  modulation.  Un  tel  code  a  ete  utilise  le  ler  Octobre  1978  et  sera  utilise  b  l’avenir. 

Le  ler  Octobre  1978  entre  17:12  TU  et  17:20  TU  l’emetteur  etait  puls§  10  secondes  toutes  les  minutes, 
la  frequence  etait  de  1525  Hz  et  le  courant  d'antenne  de  40  amperes.  Afin  de  mettre  en  evidence  la  modula¬ 
tion  dans  les  signaux  requs  les  donnees  ont  ete  dlvisees  en  periodes  d’une  minute  en  synchronisme  avec 
l'emetteur,  chaque  minute  a  ete  ensuite  decomposes  en  six  periodes  de  10  secondes  de  telle  sorte  que  l'6m&"- 
teur  etait  actif  pendant  une  seule  de  ces  six  periodes. 

Les  spectres  ainsi  obtenus  ont  ete  accumuies,  si  la  modulation  est  detectee,  on  doit  trouver  un  signal 
voisin  de  la  frequence  d'emission  pendant  seulement  une  periode.  C’est  le  cas  figure  9  pendant  la  premiere 
periods  au  voisinage  de  1530  Hz. 

La  meme  technique  a  ete  utilisee  de  17:20  TU  b  17:24  TU  et  de  17:36  TU  b  17:43  TU  lorsque  la  modula¬ 
tion  etait  de  10  secondes  toutes  les  30  secondes.  Un  signal  b  1525  Hz  est  visible  figure  10  pendant  la  pre¬ 
miere  periode  et  un  signal  voisin  de  1530  Hz  est  visible  figure  11.  Nous  avons  ainsi  clairement  mis  en 
evidence  la  reception  du  signal  en  provenance  de  l'emetteur. 

En  conclusion,  les  signaux  de  tres  basse  frequence  §mis  a  partir  du  soi  peuvent  se  propager  hors  de  la 
plasmasphere  et  entrainer  des  interactions  ondes-particules.  Le  niveau  necessaire  a  ces  interactions  est 
tres  faible  et  les  constantes  de  temps  augmentent  avec  L. 

Bien  que  le  satellite  soit  tres  proche  du  m§r.tdien  magnfitique  de  l’emetteur,  des  signaux  lies  aux  emis¬ 
sions  ne  sont  observes  qu’une  faible  fraction  t < 10  A)  du  temps  d'emission. 
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generated  resultant  fields  are  nearly  equal  in  magnitude  at  a  receiver  location,  rather  deep  oscillations  in 
the  received  field  strength  nu,  occur  during  the  period  of  an  orbit.  These  oscillations  often  occur  dur¬ 
ing  nighttime  propagation  conditions  but  can  occur  during  daytime  also.  Figure  2  shows  the  signal 
reception  pattern  versus  distance  and  time  for  an  airborne  transmitting  facility  flying  in  good  orbit  (ver- 
tinality  =70%)  during  daytime.  Figure  3  shows  the  same  pattern  for  a  poor  orbit  (verticality  =10%) 
during  nighttime.  The  observed  fluctuations  range  from  mild  to  extreme. 


a!  ni'  -n  ■  rurui  rTumnv 


Fig-  2  —  Field  strength  versus  distance  measured  during  day- 
lighi  hours  on  an  aircraft  (lying  radially  toward  an  airborne 
broadcasting  facility  in  good  orbit  near  Jacksonville,  Florida 
on  March  27,  1971,  with  the  frequency  bcin"  19.4  kHz 


Fig  3  —  Field  strength  versus  distance  measured  during  nigh- 
tirne  hours  on  aircraft  flying  radially  toward  airborne  broad¬ 
casting  facility  in  poor  orbit  near  Jacksonville,  Florida  on 
April  5,  1971,  with  the  frequency  being  25.6  kHz 


An  important  task  of  airborne  VLF  facilities  is  to  broadcast  wideband  spread-sprectrum  VLF  com¬ 
munication  signals  These  signals  may  be  distorted  by  the  propagation  through  the  waveguide  and  by 
the  variation  in  aircraft  direction  in  orbit.  To  determine  the  deleterious  results  caused  by  these  cir¬ 
cumstances,  it  is  necessary  to  examine  the  correlation  of  the  received  signal  with  an  exact  replica  of  the 
transmitted  waveform  to  estimate  the  effective  signal  reduction. 

A  study  of  correlation  receiver  distortion  due  to  propagation  effects  was  performed  by  Rothmuller 
[5]  for  the  case  of  broadcast  from  a  fixed  transmitter  to  a  fixed  receiver.  Rothmuller  showed  that  when 
two  multipath  signals  interfere  at  a  point,  two  correlation  peaks  occur  separated  in  receiver  synchroniza¬ 
tion  time  t  K  by  approximately  the  duration  of  a  spread-spectrum  signaling  element  (chip).  The  max¬ 
imum  value  of  the  correlation  could  be  on  the  earlier  or  later  correlation  peak,  in  the  present  report  we 
go  a  step  further  by  including  the  effects  of  aircraft  orbit  on  correlation  receiver  signal  output  We 
study  the  condition  of  a  time-varying  wideband  multipath  situation  common  in  airborne  facility  usage 
by  considering  the  case  in  which  the  signaling  elements  (chips)  are  minimum-shift-keying  (MSK) 
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waveforms  and  the  communication  decision  is  based  on  the  cohere  it  integration  of  a  series  of  such 
waveforms. 

In  some  circumstances  the  performance  of  the  correlators  depends  greatly  on  which  instant  within 
a  chip  the  correlator  is  synchronized  to.  It  appears  probable  that  a  bit  decision  based  on  several  correla¬ 
tions  within  a  chip  period  would  be  superior  to  a  decision  based  on  a  single  correlation  within  a  chip. 

THEORY 

Elementary  Signal  Theory 

Figure  4  shows  schematically  the  i  Jtlines  of  the  communication  system  under  discussion.  Figure 
5  shows  a  conceptual  version  of  a  receiver  and  demodulation  portion  of  Fig.  4.  The  operation  of  the 
integrator  portion  of  the  equipment  in  Fig.  5  is  to  sample  the  received  waveforms  hit)  and  to  multiply 
them  by  the  desired  waveform  h\(t)  and  h2it)  and  to  integrate  over  a  time  equal  to  a  bit-keying- 
element  period  Tti ,  centered  about  the  time  r,  the  midpoint  of  the  /  th  expected  bit  interval.  The 
transmitted  waveform  is  constructed  as  a  linear  superposition  of  lift1)  and  /r 2 { / )  according  to 

hit)  =  X,  h\it)  +  Y,  h2(t),  (1) 

The  outputs  of  the  integrators  will  yield  the  values  of  X ,  and  Yt  which  contain  the  transmitted  informa¬ 
tion, 

X,-  (/«)-'  hiU)h(t)  dt  (2) 

j  if—  i 

and 

/.  r,+  7  J2 

r  „  hiiOhit)  dt,  (3) 

T  1  b‘ 1 

as  lung  as  h\il)  and  h2(t)  are  orthonormal  to  each  other: 

(Tur'  r/'V"2  Kit)  hfit)  dt  -  Sr,  (4) 

•''r'an 

Here  hjj  is  the  Krcnecker  delta  function,  equal  to  zero  for  i  *  ./  and  equal  to  1  for  /  =  j. 

Correlation  of  Orthogonal  Waveforms 

A  set  of  orthogonal  wideband  waveforms  h\(<)  and  h2ll)  can  be  generated  by  using  a  baseband 
waveform  hBit)  to  modulate  both  a  sinusoidal  and  cosinusoidal  wave: 


/ii<r)  =  hBit)  cos  w0/. 

(5) 

h?it)  —  hail)  sin  io0t. 

(6) 

hBU){X,  cos  (d0i  1-  Y,  sin  w’nl). 

(7) 

rjoisr 


/LF  PROPAGATION  CHANNEL 


Fig.  4  —  Model  of  th\i  communication  system 
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The  values  of  A',  and  Y ,  give  the  strength  of  the  cosinusoidal  ana  sinusoidal  components.  A  correlation 
receiver  can  then  be  made  to  extract  the  value  of  A’,  and  Y, : 

*  7  ^  2 

»  '•>  h { X i  cos  io (j/  *f  } /  sin  w  of )  hy ( t )  cos  10 yf  dt  (8 ) 

h  '  n>  - 


/*  I  /  2 

Y,  -  2(7«)  1  I  ,  ,,  d/((/)  (A'  costt>nf  +  )(Sinu0r)  /i«(r)  sin  oi0t  dr. 

J  U  '  H'  ‘ 


A  propagation  delay  time  of  rp  modifies  the  correlator  outputs  to  give  new  ones  which  we  call  A'/fr,,) 
and  ) 

J»  rf  +  / 1,/2 

)rs(r  f  r„)  (.V;  eos««„(r  t-  t,,)  -t-  Y,  sin  u>c(r  +  r,,)] 

'i '  'ii'  1 

x  hH(t)  cos  'u„r  dt  ^ 

and 

>v (T ,, )  =  2(7 /))  1  hHU  +  t !,)  ([A/  cos  <cu(r  t p)  +  Y)  sin  <vt)(l  +  t p)\ 

x  /i/, (r)  sin  co n r  di.  (II) 

We  find  that  the  vector  =  (A'/(r/J).  Y,( tp))  is  approximately  the  phase-rotated  version  of 

«/-  (Af, .>•,).  We  have 

Z'  f/+  ^ 

'A/(r 7/f  '(A1/  cos  a^r,,  +  }',  sin  <a„r.,)  /»»(/)  /)«(/  +  t„)  dr  (12) 


Y/(Tp)  —  //; 1  (  A(,  sin  ainT,,  t  K,  cos  ;  )iB(/)/irt(r  +  t,;)  dr 

Thus  we  can  write  this  equation  in  vector  form  if  R/  —  (A,,  K,): 

[r/,.r„,.'  It  coswer,,  sina.nrJ  . 

-  T„'  f  Yr„)d<  sjn  C0SiU()T/,  «/■ 


The  magnitude  of  the  vector  /?,(r„)  =-  [A ’,(rp);  +  K,(t„)jI1/2  is  given  by 

IK/(t„)I  -  7y'|7?,l  ft'  UnU)hH(t  tT(J)dr.  (1. 

The  phase  of  the  vector  RiW r)  is  given  by 

<!>  i  {t  p)  =  ar#(A'|(T,,)  +  iY,(tp))  =  «rv?(AC,  +  /)',)  +  w  (!' 

Thus,  the  magnitude  of  the  (r ,, )  vector  vaiies  slowly  with  t,,,  and  the  phase  <Mr,,)  changes  rapidly. 
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Correlation  of  Other  Orthogonal  Waveforms 

A  marc  complicated  set  of  orthogonal  waveforms  can  he  generated  using  two  orthogonal  baseband 
waveforms  hH]{t)  and  /rw 2 ( / )  such  that  for  /,  j  —  1,2 

CrH)  1  C'X  hmU) hH,(t)  dt  f>„  (17) 

where  is  the  Kronecker  delta  function  The  transmitted  waveform  hit)  is  given  by 

h  it)  —  X . h mi  i  t )  cos  oj .^t  X  ) [hn2it)  sir\  to[)t.  (18) 

To  extract  the  vr-  m  of  X,  and  Y,  from  this  waveform,  we  need  a  correlator  receiver  to  do  the  following 

integrations: 

r  'i+  1  u/2 

Xi=2(TliY''  I  I.V/Aflilf)  cos  cu()f  +  YihH2(t)  sin  <oo/][>)/<|(7)  +  /i/Ji<r)]  cos  w0t  dt  (19) 

J  ‘i  1  n1 1 

and 

j*  I  ft  t  fll  2 

Yl=2(Tn)1  I  IX/h/nir)  cos  w„t  +  Y/hujit)  sin  <a(,/][/iS|(/)+/iu2<()l  sin  <»,,/  dt.  (20) 

When  the  time  of  arrival  is  changed  to  t  -  t  +  r ...  we  have 
r  */+  ^V2 

X,(t„)  -  2(TBY 1  J  W,Aal(f  +  r„)  cos  <^o(/  +  r p)  -4-  Y^ia i(t  +  rp)  sin  co () ( / -f-r p )  1 

*  lA/n  (/)  4~  cos  wo t  dt  (21) 


J*  7 

0- V2  +  coso>(J(r  +  t n)  +  Y,hin(t  +  rp)  sin  oj0(r  +  r,,)) 


x  [/i/j|(()  +  hB2it ) I  sin  «u0/  dt. 


This  gives 


=  X)  cos  <«0r „  Tn  1  f  htt\it  +  rp)|/i„|(/)  +  /ift2(rl]  dt 

+  Y[  sin  a)[,TrTn'j  h^it  +  T,.)[hH\(t)  +  hH1it)]  dt 
and 

-  /,  t  /,,/  i 

sin  wo T ,>T n  J  jyj  /<«](/  +  )  +  hln(t)\  dt 

r V? 

4  T,  cos  <o0t,,Th  ‘J  7^/2  +  t„)  [2)W|(r)  +  hH2i r)l  dt. 

If  the  two  baseband  modulation  functions  are  sufficiently  orthogonal  that 


V 1  +  t p)hBlU)*  dt  =  0 


and  sufficiently  similar  that 


Tu  1  X/rJ?  h»^t  +  7r)ht>\(l)  dt  “  rw  '  X(  /b/2  +  r/<)  dt’ 


we  again  obtain 


Jt  (j  f  /  2 

,r  7fl/2  A/n(r  +  r 
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and 

/tf+  7  #/  2 

r  .  htn(t+Tp)hB\U)  dr.  (28) 

I  ‘ft* 

When  the  more  complicated  correlators  of  Eqs.  (19)  and  (20)  are  used,  and  the  orthogonal  waveforms 
satisfy  the  conditions  of  Eqs.  (25)  and  (26),  the  type  of  waveform  of  Eq.  (18)  gives  a  behavior  similar 
to  that  of  Eq.  (7). 

Modulation  Methods 

The  values  of  Rt  can  be  modified  at  the  transmitter  to  initiate  the  communication  of  information. 
In  amplitude  modulation  the  magnitude  of  is  varied.  In  phase-shift  keying  the  phase  angle  is 
modulated.  Thus,  in  general,  information  may  be  transmitted  by  changing  the  transmitted  vector  R;  in 
some  prescribed  way.  The  stability  of  the  received  vector  R/ir,,)  in  amplitude  and  phase  is  important  in 
the  performance  of  communication  systems.  In  the  realistic  communication  channel  the  values  of 
R i (t p)  will  also  depend  on  the  noise  present.  In  this  study  we  neglect  noise  and  simply  study  the 
effects  of  propagation  on  R/(tp). 

MSK  Signals 


in  the  field  of  VLE  communications,  minimum  shift  keying  (MSK)  is  a  commonly  used  type  of 
spread-spectrum  modulation.  MSK  is  mathematically  described  in  terms  of  a  transmitted  waveform 
sit),  a  baseband  modulation  uit),  and  a  chip  waveform  pit),  as  follows: 


A(r)-Rc[w(r)(’,“l),]1 

nil)  I  \X,l„  p  it  -  nT)  -  i  Y,  Q„  p  (i-T/2  -  nT) 

M-<>  1 


(29) 

(30) 


=  0,  M  >  7-/2. 


-  7V 2  sj  t  <  77 2, 


(31) 


This  is  a  specific  version  of  the  signal  described  in  general  by  Eq.  (18),  in  which  the  orthogonal 
baseband  waveforms  Tr a , ( r )  and  h,nit)  arc  given  by 

f  ' 

h,n(t)  -  s/T  £  I„pU-nT)  (32) 

M-0 

and 

»t 

hB2U)  -  J~T  £  Qnp(i  -  7/2  -  nr).  (33) 

n  —  0 


In  these  above  equations  /„  and  Q„  arc  pscudorandomly  chosen  integers  of  value  +1  or  -1.  It  is 
assumed  that  both  the  transmitter  and  receiver  possess  synchronized  pscudorandom-number-sequence 
generators  that  provide  the  /„  and  Q„  sequences.  The  frequency  o»u  is  the  carrier  frequency  of  the 
broadcast.  The  time  interval  T  is  the  duration  of  a  chip.  Since  two  chips  are  transmitted  uuring  each 
chip  duration,  the  chip  length  r,  is  2/2.  The  MSK  modulation  method  gives  rise  to  a  constant- 
amplitude  waveform  with  continuous  phase  as  long  as  T,  and  Yt  are  equal  to  ±1.  The  bandwidth  of 
the  transmitted  signal  is  inversely  related  to  the  chip  period.  The  value  of  (he  waveform  sit)  depends 
on  one  value  of  /„  and  one  value  of  (J„  simultaneously  except  at  the  instant  when  a  transition  is  being 
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made  from  one  value  of  I„  or  Q„  to  the  next.  At  the  transition  time  the  amplitude  of  the  waveform 
undergoing  transition  is  zero,  because  the  pit)  function  goes  smoothly  to  zero  at  the  beginning  and  end 
of  its  range.  At  that  instant  the  value  of  sit)  depends  only  on  the  other  integer  Q„  or  /„.  Let  us  con¬ 
sider  the  autocorrelation  function  B(t)  for  the  MSK  waveform  sit). 

1  Cl’ 

B(t)~  lint  —  1  j  </).%(/  4-  t)  dt.  (34) 

r~»>  T  •'<> 

Use  of  sit)  from  Eq.  (29)  will  make  Sir )  nonzero  as  long  as  |r|  <  T.  When  |r|  >  7",  the  contribu¬ 
tions  to  B(r)  will  all  he  from  terms  having  the  products  Qn  Qn  and  /„  /„,  with  n  ^  m.  These 
terms  are  as  often  +1  as  they  are  -I  for  an  orthogonal  or  uncorrelated  set  of  ((2„  1  and  (/„  1  ;  so  a 
summation  based  on  these  values  should  remain  small.  Thus  a  large  value  for  the  autocorrelation  func¬ 
tion  occurs  only  for  |r|  <  T \  when  /„2  and  Q,j  terms  contribute.  Since  /„2  =  Q „2  =  1,  these  terms  are 
easy  to  evaluate.  The  correlation  vector  Ri(rp)  is  closely  related  to  the  autocorrelation  function  R(t) 
At  very  low  frequencies  the  electromagnetic  waves  may  be  considered  to  propagate  by  distinct 
waveguide  modes  or  hops.  The  time  delays  between  dominant  modes  and  hops  are  small  — less  than  a 
millisecond  [6] —producing  the  coherent  overlap  of  one  chip  with  its  lime-delayed  image.  At  some 
receiver  locations  the  interference  of  the  two  waves  with  eaeh  other  results  in  "selective"  fading.  Such 
fading  is  called  "selective"  because  it  occurs  only  for  frequencies  for  which  the  interference  condition  is 
satisfied.  At  other  nearby  receiver  locations  or  frequencies  the  time  delays  will  be  such  as  to  produce 
two  pulses  which  reenforce  each  other.  The  propagation  channel  can  be  simulated  by  a  multipath 
model  in  which  hT(t)  is  the  transmitted  wave  and  the  received  wave  is 

v 

/!,.(/)  -  hr  it  T,),  (35) 

I'  I 

where  r,  is  the  propagation  time  for  the  Ah  mode  or  hop  and  A,  is  the  amplitude  for  the  Ah  mode  or 
hop.  In  the  case  of  earth-ionosphere  waveguide  propagation  sometimes  the  waves  have  distinctly 
different  group  and  phase  velocities.  Then,  we  must  consider  both  the  phase  and  group  delay  times  rj,'1 
and  rj'1.  The  phase  delay  of  the  baseband  modulation  is  governed  by  r ^ ,  and  the  group  delay  is 
governed  by 

THE  MSK  CORRELATION  RECEIVER 

One  can  readily  evaluate  the  performance  of  a  correlation  receiver  for  MSK  modulation  and 
coherent  detection  for  signal  reception  on  a  staple-path  propagation  channel.  The  correlation  vector 
Ri(tp)  obtained  when  one  uses  MSK  modulation  is  explicitly  calculated  by  substituting  the  expression 
for  hH\(t)  from  Eq.  (32)  into  Eqs.  (27)  and  (28).  The  integral  I„( t  p),  defined  as 

7  /j!  2 

W  =  T/J 1  J'  TJ2  /!„,(/  +  Tp)hH\(i)  dt 

T£l  £  IJn  pb  ~  "T)plt  4  T„  -  nT)  dt,  (36) 

«-0 
il -H 

is  readily  evaluated.  The  limits  of  integration  in  this  equation  expend  far  beyond  the  region  of  variable 
/,  for  which  the  integrand  is  nonzero.  We  can- change  the  integration  variable  to 

r'  -  /  -  tiT.  (37) 

The  limits  of  integration  are  thereby  changed  to  r,  4-  7^/2  -  nT  and  //  -  7'fl/2  —  nT. 

hifp)  —  ffl  '  X  Kh' 

i—O 
rt’-O 


*  \  Tftl  2 -  nT 

J,r  V2  „7  Pl'W  +  nT  +  Tp  -  nT)  dt. 


(38) 


■MAt 


Since  p(t')  —  0,  for  !f'|  >  7/2,  we  need  integrate  only  between  -  7/2  <  r  <  7/2,  We  obtain 

£-i 

2  ,.+772 

-  Tfl  1  z  /X  J.r/2  ;»(/')/>[/'  + rp  +  (n -/»')  7)  A. 


(39) 


n-0 

0 


From  this  formulation  we  see  that  the  integral  depends  only  on  the  difference  between  n  and  n'and  not 
on  the  individual  values  of  n  and  n'  separately.  Let  us  define 

r  m 

C\  (rp)  -  J_T/J  pO')p(t'  +  Tp  +  kT)  dt.  (40) 

Since  k  =■  n  —  n\  Eq.  (39)  becomes 

Ih(tp)  =  7’,/ 1  £ 

21-0 

«'-0 


where 


1  1  "  “  T 


V  I  I  /„/„-*Q( t„) 

rt'm0  k-n 


N  N 

2  7. 


7V  I 


2-  i  V* 

•”  *-  |f  '| 


/»  -fc  f  +  (r  n)  (/. 


(/* 


k^k'1  p>  'Jn~k. 


N 


if  0  <  7i  -  *  <  y  -  l, 


/V 


0,  if  71  -  A  <  0  or  n  -  k  >  --  - 

2 


We  then  interchange  the  order  of  summation  in  Eq,  (41)  to  get 


)  hi 1 


f  1 

4- 


^  /„/„ „*t/„  *. 


n 


(41) 


(42) 


Because  of  the  orthogonality  of  the  set  (/„)  with  any  sequentially  shifted  copy  of  itself,  we  can  write 

f. 

I  /,/,-*  ~*fc0.  (43) 


This  assumes  that  the  binary  sequence  (/„)  has  been  generated  by  a  method  which  has  "good"  auto- 
■  orrelation  properties  for  the  1  eudo-noise-coding  application  [7],  We  obtain 


/«(tp)  - 

Tu  calculate  Co(r  ),  we  substitute  inio  Eq.  (40) 


Q(t„)- 


r  r/7 

Q <T„)  =  J  .  pU')pW  +  Tp)  dt. 


(44) 


(45) 


The  value  of  C'0(t,,)  is  symmetric  with  respect  to  r p  and  can  be  obtained  by  using  elementary  integra¬ 
tion  methods: 
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4  r  rn  T» 

C0(tp)  =  —  J  r  p(t')p(t‘  +  t p)  di,  if  ^  0, 


{/ 


"l-r, 

r 

2 


7T  t' 

COi 

!'+Tp 

T 

T 

A' 


4 

r 


i  - 


It,I 


cos  —dr  -+  —  Sin 

Tv  T 


Equations  (27)  and  (28)  become 


and 


In  matrix  form  we  have 


X/lTp)  —  ( X i  cos  o>q7‘ p  +  y,  sin  mutp)  NTy AC0(rp) 


Yi^p)  -  (-  Xj  sin  w0Tp  +  V,  cos  ui0tp)NTb  'CQ(,rp). 


Ri(tp)  -  ^  1 


cos  a>aT,,  sin  o>0t„  - 

— sin  oioT,,  cos  ojqt,,  '  ' ,|  T p 


(46) 

(47a) 

(47b) 


(47c) 


A  receiver  can  be  adaptively  synchronized  to  the  incoming  signal  by  introducing  a  variable  delay 
t R  into  the  stream  of  baseband  keying  elements  to  generate  a  family  of  ideal  baseband  keying  elements 
hB i  and  /ia2.  Mathematically  this  simply  means  the  introduction  of  the  vaiiable  i  +  tr  into  the  expres¬ 
sion  for  hB |  in  Eqs.  (27)  and  (28)  in  place  of  /.  The  selection  of  the  synchronization  time  rK  can 
greatly  affect  receiver  performance  when  the  actual  propagabon  delay  time  r;,  is  unknown  (or 
equivalently  the  clocks  that  generate  the  chip  streams  are  not  in  perfect  initial  synchronism).  Therefore 
we  rewrite  Eq.  (47c)  to  exhibit  the  dependence  of  system  performance  on  tk.  We  obtain  the  follow¬ 
ing  expression  for  R,  (r;,,Tr): 


R,(rp,rit) 


NTh 


COS  U)0T(, 

-sin  wnTp 


sin  p 

COS  OJyT,, 


R,  C’o(rp 


(48) 


The  magnitude  of  the  components  of  /?,(r;;,rw)  are  proportional  to  the  in-phase  and  quadrature  com¬ 
ponents  of  the  received  radio-frequency  earner  wave  because  of  the  multipliers  cos  oj0 tp  and  sin  coyr,, 
in  the  matrix.  However,  the  magnitude  of  Ri(tp,th)  depends  on  the  propagation  delay  time  Tp  and  on 
the  receiver  time  tk  by  the  factor  rp  -  th.  If  the  receiver  is  badly  out  of  synchronization,  this  factor 
can  be  zero  or  very  small.  If  the  receiver  is  employing  phase-shift  keying,  any  change  in  the  propaga¬ 
tion  time  Tp,  even  after  the  receiver  is  perfectly  synchronized  on  the  chip  (  0  =  \Tp  -  r^|  «  7),  will 
induce  a  corresponding  phase  change  in  the  phase  of  the  vector  R,  —  (tp,th)\  that  is,  the  doppler 
phase  variation  of  the  radio-frequency  carrier  induces  an  equal  doppler  shift  on  the  phase  angle  <t>K, 
These  types  of  dopplcr-signal  phase  variations  arc  often  seen  when  an  mobile  transmitter  or  receiver  is 
used.  In  such  a  circumstance  we  cannot  assume  r„(f)  will  be  constant  at  each  instant  within  a  bit 
period  to  permit  the  factorization  shown  in  Eqs.  (21)  and  (22).  However,  the  other  manipulations  that 
we  performed  on  the  expression  for  R  are  all  valid  up  to  this  point.  To  obtain  the  resultant  correlation 
vector  R:( Tp,ri<)  if  the  delay  time  is  slowly  changing  within  a  bit  period,  we  must  average  the  instan¬ 
taneous  values  of  R,\t  p(t)  over  an  entire  bit  period; 


r  '/* 

COS  waTp{  l) 

sin  to aTp(t) 

^  '/  rH!2 

—  sin  oj„Tf, (/) 

COS  U>(lT(l(f) 

K i  C’ol r/,<r) 


tr  I 


(49) 


From  this  expression  one  can  approximately  evaluate  the  affect  on  the  Rt  =  [r ,,(/), tk]  vector  for  vari¬ 
ous  conditions  of  rp(i)  and  synchronization  conditions  for  a  single  path  propagation. 
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We  have  reviewed  the  elementary  cases  of  a  stationary  and  moving  transmitter  having  a  single 
path  of  propagation,  because  this  is  the  simplest  case.  Linear  superposition  holds  for  the  waves  and 
correlation  procedures;  so  a  resultant  from  a  case  having  several  propagation  paths  can  be  obtained  by 
addition  of  terms  from  single-path  cases. 


TWO  PROPAGATION  modes  and  a  stationary  transmitter 


When  a  stationary  transmitter  produces  a  signal  at  a  receiver  that  comes  by  two  propagation  paths, 
there  are  two  propagation  delay  times  rpl  and  rp7  and  two  (real-valued)  amplitudes  of  the  two  modes 
A  |  and  A2 ■  Alternatively,  we  may  say  that  each  mode  is  described  by  a  complex  amplitude,  with  the 
magnitude  of  each  complex  amplitude  being  the  real  amplitude  and  the  phase  being  related  to  the  pro¬ 
pagation  time.  The  voltage  impressed  on  the  receiving  antenna  by  the  received  signal  represents  a 
waveform  that  is  the  sum  of  two  time-delayed  replicas  of  the  initial  waveform.  Let  the  subscript  i 
denote  the  mode  index.  Then  we  will  get  the  following  expression  for  the  total  correlation  vector 

Rr(TR): 


K/(t«)  -  £  R,(tp,,t  H) 


-  NT„ 


r-'  I  a, 


cos  o j0T„i(  sin  w0tpj 

k 

-sin  wnTp  l  cos  <oUTpi 

\y, 

C() (Tpj  -  T, j). 


(50) 


The  behavior  of  R/(tr)  as  a  function  of  the  receiver  chip  synchronization  time  tr  can  be  quite 
different  from  the  behavior  when  there  is  only  a  single  path.  A  splitting  of  the  correlation  peak  can 
occur.  Indeed,  instead  of  the  correlation  being  best  when  rJU  =  tr ,  it  could  be  bad  at  this  time. 
Numerical  examples  given  later  exhibit  this  circumstance. 


FIELD-STRENGTH  EXPRESSIONS 


For  the  case  of  an  antenna  trailing  behind  an  airborne  transmitting  facility,  the  correlation  vectors 
generated  by  both  the  horizontal  and  vertical  components  of  the  antenna  are  included  in  R/( th).  For 
an  inclined  short  dipole  antenna,  the  endfire-generated  components  are  modified  by  cos  f  sin  y,  and  the 
broadside  generation  depends  on  sin  (  sin  y,  where  £  is  the  angle  between  the  horizontal  portion  of  the 
inclined  dipole  and  the  great  circle  path  to  the  receiver  and  y  is  the  inclination  angle  of  the  antenna 
measured  from  the  vertical.  The  expression  for  the  resultant  vertical  electric  field  Er(D)  at  distance  D 
from  the  transmitter  can  be  written  as  follows  [4,  p  332): 


In  this  expression 

V  Ids 


h  \faK sinfl 


Er(l) )  —  cos  y  Ervr  +  sin  y 


51  >V  5  A  f»£(z,)<7£(z)exp(/A:ui)  .S'v  itt/4) 


and 


h  y7?fsin«  21  b  tos  « 


(51) 

(52) 


v,\ 


sill  l 


Sj"  (>£lz)  exp  (/A„AV 


r/4). 


(53) 


I 


•4 


i 


1 


i 

a 

i 

i 
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The  quanlities  in  these  expressions  are  explained  in  Ref.  4  and  are  summarized  below: 

A,  is  the  excitation  factor  of  the  </th  mode  for  a  vertically  polarized  electric  dipole, 

A  *  is  the  excitation  factor  of  the  r/th  mode  for  a  horizontally  polarized  electric  dipole, 

G£(z)  is  the  height-gain  function  of  the  quasi-TM  vertical  electric-field  component, 

(■*(z)  is  the  height-gain  function  of  the  quasi-TH  vertical  magnetic-field  component 

S„  is  the  sine  of  the  complex  eigenanglc  of  the  z/lh  waveguide  mode, 

z  is  the  height  of  the  receiver, 

;5  is  the  height  of  the  transmitter, 

a  is  the  radius  of  the  earth, 

D  =  ati  is  the  great-circle  distance  between  the  transmitter  and  the  receiver, 

A*'(z)  is  the  normalized  impedance  of  the  quasi-TM-ntode  fields, 

A  Hz)  is  the  normalized  impedance  of  the  quasi-TF-mode  fields, 

Z,,h  is  the  coupling  impedance  in  the  mode  =  h^(0)/ H^iO)  at  the  earth’s  surface, 

is  the  impedance  of  free  space; 

A0  is  the  free-space  propagation  constant  (=o >/c)  for  an  electromagnetic  wave  of  frequency 

w<). 

Ii  is  the  reference  height  of  the  ionosphere. 

A  is  the  space  wavelength,  and 

Ids  is  the  current  moment. 

The  dispersion  that  occurs  on  each  individual  waveguide  mode  is  usually  minimal  when  well- 
behaved  types  of  D-  and  ii-region  boundary  conditions  are  present  (6|.  Hach  individual  waveguide 
mode  can  be  considered  as  a  dispcrsionlcss  path  over  a  sufficiently  narrow  fractional  bandwidth.  1  he 
effect  of  propagation  is  to  produce  several  lime-delayed  images  of  the  transmitted  waveform  at  the 
receiver.  The  amplitudes  of  these  waveform  images  vary  independently  with  time,  as  the  inclined 
antenna  is  transported  about  by  the  aircraft.  This  variation  with  position  of  the  aircraft  can  be  modeled 
readily  by  letting  the  amplitudes  \A,}  and  delay  limes  (r,,,l  vary  in  an  appropriate  way. 

CORRELATION  EFFECTS  OF  ANTENNA  ROTATION 


It  is  easy  to  show  the  effects  of  rotation  by  an  inclined  elevated  antenna  given  the  previous 
development  of  the  mathematics.  The  horizontal  component  of  the  inclined  antenna  generates  both  TE 
and  TM  modes  aceording  to  F.q.  (53),  because  the  horizontally  generated  fields  have  phases  and  ampli¬ 
tudes  different  from  those  generated  by  the  vertical  antenna  components.  The  waveguide  modal 
interference  pattern  for  an  elevated  horizontal  antenna  dilfers  front  that  of  a  vertical  antenna.  This 
effect  is  illustrated  in  Fig.  6  (taken  from  Kef  3).  which  shows  tin;  fields  generated  by  variously  inclined 
antennas  at  20  kHz.  The  amplitudes  of  the  horizontally  generated  fields  vary  as  the  cosine  ol  the  angle 
between  the  horizontal  antenna  component  and  the  direction  of  propagation. 

In  simulating  the  efi’cct  of  this  variation  on  the  receiver  output  vector,  we  use  F.q.  (50)  lot  the 
received  correlation  vectors,  and  we  use  four  amplitudes  (A,),  four  phase  time  delays  {t ■') ,  and  four 
group  time  delays  { r .  Two  of  the  amplitudes  represent  two  vertically  generated  mode  fields  and  vary 
as  sin  y.  The  other  two  represent  horizontally  generated  TM  mode  fields  and  vary  as  the  product  cos 
£  eos  y.  The  resultant  expression  for  the  correlator  output  is  the  same  as  F.q  (50)  except  that  in  this 
case  the  correlation  output  is  the  summation  of  the  outputs  for  the  four  individual  modes 
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l  ig  6  —  Predicted  variation  of  field  strungth  and  phase  with 
distance  for  20  kHz  and  vertical,  inclined,  and  horizontal  an¬ 
tenna  inclinations 


Denoting  the  •¥/'*( t  R)  from  the  vertically  electrically  generate^  modes  as  A'/')v‘,(r/i)  and  the 
A’/'1  (tw)  from  the  horizontally  electrically  generated  modes  as  A/,i>'"(t  R),  we  can  write 

Xf(jR)  =  cos  y  £  A/f)v<'  (r*)  +  cos  £  sin  y  £  A/'1'1''  (tr). 

i-i  i-i 

Parallel  definitions  can  be  made  for  YJ(t  R),  P,<l)v‘(rR)  and  Y^i),K(rR),  and  we  obtain 
T,r( Tr)  =  cos  y  £  y/,>v‘-( tK)  +  cos  £  sin  y  £  (rR). 

y^t  1-1 

The  vector  /?/  (rR)  is  a  sum  of  two  vectors  /?/“'  (rR)  and  Rf"'  (tr): 

W/( tr)  ^  cos  y  (tr)  f  cos  £  sin  y  /?/"( tr). 

The  vectors  /?,v"  (rR)  and  /?,  (rR)  can  be  parallel,  perpendicular,  or  opposed  to  each  other,  depending 
on  circumstances  and  the  value  of  tr.  The  resultant  Rf  (tr)  vector  can  change  quite  dramatically  dur¬ 
ing  a  complete  orbit.  For  example,  if  Rf  (rR)  and  Rj'r  ( tr )  are  of  the  same  magnitude  and  phase, 
there  wouid  be  one  laige  oscillation  of  I i"/(7R)|  per  orbit  (provided  y  —  '15°).  If  RP'(tr)  and  Rj"'(rR) 
are  perpendicular  to  each  other,  there  would  be  two  oscillations  of  |iR;(r^)|  with  one  cycle  £.  There  is 
a  mathematical  isomorphism  between  the  phasor  Er(D)  and  the  vector  /f/(rR),  since  the  composition 
of  various  phasors  which  form  the  complex  phasor  s'  m  E,(D)  is  isomorphic  to  the_coinposition  of  vari¬ 
ous  correlation  vectors  which  form  the  two-dimensional  correlation  vector  sum  R/(tr).  When  both 
TK  and  TM  waveguide  mode  propagation  from  an  airborne  transmitting  facility  arc  taken  into  account, 
we  obtain 

R/ (t  R )  —  R^(tr)  cosy  +  siny  lcos£  Rl"  (  TM, r  H )  +  sin  £/?/"’(  TE,t  r)].  (57) 


(54) 

(55) 

(56) 


U-ie> 


Figure  11  shows  the  resultant  R/(tk)  ~  cos  y  R*e(  t  R)  +  sin  y  cos  £  where  £  is  the 

angle  between  the  direction  of  propagation  and  the  endlire  direction  of  the  antenna.  The  angle  y  is  the 
inclination  angle  of  the  antenna;  we  take  y  -=  45°  and  £  =  0  for  this  example.  Figure  12  shows  the 
same  resultant  except  for  the  condition  £  =  180°.  The  conditions  for  £  =  90°  and  £  =  270°  are  both 
shown  by  the  pattern  of  Fig.  9,  since  rJ{t  %)  is  composed  solely  of  the  vertically  generated  modes  in 
these  cases.  These  figures  give  a  picture  of  R'( t k)  at  the  four  cardinal  points  of  an  orbit. 


big.  II  —  Graph  of  R?(tk)  for  an  endlire  ease  (cos  £  -  +1),  illus¬ 
trating  the  change  in  the  value  of  r#  for  which  I  R/\t  „ )  I  =  0  and 
the  variation  in  the  size  of  the  peak  values  of  I  R,  U K)  I  on  opposite 
sides  of  rR  -  0.  Here  a  relatively  small  value  of  I  /?/"’trw)  I  is  as¬ 
sumed. 


Fig  12  —  Graph  of  K/ ( r  w  I  ftn  the  opposite  endlire  case  (cos  £  —  -  1 1  to  the 
case  in  Fig  It  Here  the  largest  value  of  lR/(rR!|  occurs  for  r  K  >  P 
whereas,  in  Fig  II  it  was  for  i  R  <  (1  Synchronization  limes  (  rN)  in  he  con¬ 
sidered  in  subsequent  figures  are  shown 


In  Fig.  12  four  sample  syrtchionization  limes,  designated  r^|,  rKi,  tR3<  and  rK4,  represent  possi¬ 
ble  correlation  times  that  might  occur  within  u  receiver.  We  look  at  the  variation  of  the  correlation 
vector  magnitude  \R[ItKi)\  and  phase  4>](t n,)  during  a  complete  orbit  for  these  times.  Figures  13  and 
14  show  the  phase  and  magnitude  of  R t  [tR]).  The  phase  is  constant  in  this  case,  because  R/" (t#,)  is 
greater  than  and  parallel  to  Rl‘r(THI).  The  magnitude  varies  in  a  mild  way.  In  Figs.  15  and  16  showing 
the  phase  and  amplitude  for  the  time  tR2 ,  the  phase  makes  two  quick  successive  180°  changes  in  the 
neighborhood  of  £  —  180°,  and  the  amplitude  goes  through  two  successive  nulls.  Figures  17  and  18 
give  /?/( 0).  1  his  vector  varies  cosinusoidaily,  ecause  there  is  no  contribution  from  the  vertical  elec¬ 
tric  antenna  j-'omponent.  Figures  19  and  20  show  the  behavior  of  R^Wgj),  which  is  similar  to  the 
behavior  of  R?(tk2)  except  that  the  nulls  occur  near  £  =  0°  rather  than  £  =  180°.  Figures  2!  and  22 
show  the  behavior  of  which  is  similar  to  RI(tr  j)  except  for  a  shift  in  orbit  angle  £  of  180". 


'/>T|rR  rR1) 


Fig  I  t  -  Graph  of  ■i/tr„l)  as  tire  angle  of  turn  {  of  an  inclined  antenna 
changes  from  —1X0“  to  +  180°  for  the  synchronization  lime  r^,.  this  phase 
is  constant  because  the  contribution  of  tlte  vertical  antenna  component  always 
exceeds  that  of  the  horizontal  component  for  this  synchronization  lime. 


Fig.  14  —  Graph  of  I  /? ,rt t /j ! )  I  as  { 
varies  from  -180“  to  +180°.  The  rela¬ 
tively  gentle  variation  of  I  S,r(rR|)  I  oc¬ 
curs  because  I  I  >  I  R  jJ  | 
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Fig.  21  —  Graph  of  a>/(r #4)  versus  orbit  angle  £. 
For  this  receiver  time  the  vertically  generated 
correlation  vector  dominates;  that  is  |/?"(r  y,4)|  > 

I  No  change  of  phase  can  occur,  since 

RI*(t rJ  and  22/*fx /( 4)  are  parallel. 


Fig  22  —  Graph  of  |22/0„4I|  versus  orbit  angle 
{.  For  (his  receiver  time  the  maximum  correla¬ 
tion  vector  occurs  for  {  —  180°,  whereas  for  t  K , 
the  maximum  correlation-vector  magnitude  oc¬ 
curred  aU  -  0°. 

Finally,  I-ig.  23  shows  an  estimate  of  r  Knplt  the  optimum  value  of  receiver  correlation  time  for 
different  values  of  orbit  angle  £.  This  graph  shows  that  rR,  and  t«4  are  preferable  when  |/?,(rw,)|  and 
|2?,(t„4)|  are  largest.  The  phase  is  constant,  and  the  amplitude  varies  gently.  Relatively  mild  ampli¬ 
tude  behavior  occurs  for  this  correlation  time  because^ I ,) |  >  K])\.  The  pha.o  is  constant 

because  is  parallel  to  t^).  Although  /f/“(r«|)  can  change  the  magnitude  of  /?/( t^),  it 

does  not  change  the  phase. 
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Fig  23  —  Graph  showing  the  values  of  tk  that  should  be 
chosen  for  various  orbit  angles  ij  lor  the  case  illustrated  in 
l  igs  7  through  22 


In  the  preceding  example,  there  was  minimum  correlation  near  the  middle  of  the  correlation 
envelope,  and  the  correlation  maximum  was  greatly  displaced  from  the  maximum  point  of  the  correla¬ 
tion  of  either  individual  multipath  signal.  Thus,  the  rather  small  difference  in  arrival  times  t —  t p2 
changes  the  optimum  chip  synchronization  time  r  „  by  a  major  amount.  This  effect  is  fairly  easy  to 
explain,  The  condition  described  hy  our  equations  is  a  severe  case  of  multipath  interference.  Two  sig¬ 
nals  come  to  the  receiver  antenna  offset  in  time  by  tp\  —  tp2.  The  first  and  second  signals  travel 
independently  of  each  other,  so  when  the  first  signal  pulse  arrives,  the  signal  begins  to  build  up.  Then 
the  second  signal  arrives  out  of  phase  and  cancels  out  the  first  signal  for  a  long  interval  of  lime  while 
both  are  strong.  Then  the  first  signal  goes  to  zero  because  its  waveform  has  passed  by,  while  the 
second  signal  remains  to  give  an  excitation  of  the  antenna  again.  Thus  the  strongest  portions  of  each 
signaling  element  in  this  case  of  interference  occur  at  the  beginning  and  the  end  of  each  signaling  ele¬ 
ment.  In  the  middle  of  the  element,  the  two  signals  arriving  from  different  paths  interfere,  and  there  is 
a  reduction  of  the  field  present. 

When  a  receiver  tries  to  synchronize  with  the  signal  at  its  strongest  point,  it  must  search  for  syn¬ 
chronization  either  at  the  beginning  of  the  chip  or  at  the  end  but  not  in  the  middle.  Thus,  if  a  system 
were  presynchronized  with  an  optimum  t  R  for  either  of  the  individual  mode  delays  or  for  an  average  of 
the  two  mode  delays,  it  would  actually  be  poorly  synchronized  for  optimum  operation!  For  better 
operation  three  correlators  might  be  used— one  adjusted  at  the  central  expected  time  of  arrival  of  the 
wave,  and  one  at  each  end  of  the  chip.  If  the  two  waveforms  reinforce  each  other  to  give  the  max¬ 
imum  in  the  middle,  the  central  correlation  peak  will  be  large  and  the  two  side  peaks  will  be  small.  If 
however,  an  interference  condition  is  present,  the  middle  correlator  will  be  weak  and  the  two  side 
correlators  will  be  strong. 

NUMERIC  AL  CALCULATIONS 


Procedures 

We  will  calculate  some  values  of  R'  for  cases  that  are  inspired  by  realistic  mode-theory  calcula¬ 
tions  of  the  phase  and  amplitude  of  VLF  waves.  For  the  calculated  fields  shown  in  Fig.  6,  ihe 
waveguide  mode  constants  arc  given  in  Table  I. 


fable  1  —  Constants  Used  in  the  Calculations 


A,  -  0.4 
A2=  1.2 

S,  -  1.002  +  0.000689i 
S2  -  0.003  +  0.00 1 3 8i 
z  —  0  km 

<7,(z,)  =  0.965  4-  0.259i 
0'2(z,)  -  0.95 


G,(z)  -  1 
G7(z)  =  1 
A  |  ( z, )  =  0.02i 

Ma)  -  0,05i 
r»  —  4  kill 
z>  -  10  km 

Radiated  power  =  1  kw 


These  constants  were  used  in  the  following  equations  to  generate  the  ficid  -strength  values  in  Fig.  6: 


and 


where 


V(r.  6’)  “  /  f/x a/ta)1'7/  dsir  £  5 '  s/'„ 

ft  " 

Fflr.a)  -  /  W*)l/;/  r/v'"'  cos  </>  I 


1  DXh)'n 


Diu 

si  n(D/a) 


1/2 


G„{z)G„{zs)\ „  exp  (itt/4  +  iko 


(57) 


(58) 


(59) 
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These  equations  are  simplified  versions  of  Eq.  (SO  through  (53),  since  they  contain  only  TM- 
mode  constants  of  an  isotropic  ionosphere.  Wc  calculate  ft/'*'"’  for  each  mode  according  to 

Xiu)v,‘  (t r , C )  =  N\Ar\ cosloio Tf  vr(01  r  (rf-'"(0  -  tr)  (60) 

and 

(tr.O  =  WKV,I  sin[co0Tf- vr(^)]  C  (r/,VI(£)  -  r«),  (61) 

where 

/V  is  a  normalizing  constant, 

is  amplitude  of  the  Ah  TM  mode  generated  by  the  vertical  component  of  the  transmit¬ 
ting  antenna, 

co()  is  the  angular  frequency  of  the  wave, 

t /’•'"'(£)  is  the  delay  time  of  the  phase  of  the  wave  when  the  aircraft  is  at  angle  £  of  its  orbit  for 

the  Ah  waveguide  mode,  and 

rf  v<-(£)  is  the  group  delay  time  of  the  wave  when  the  aircraft  is  at  angle  £  of  its  orbit  for  the  Ah 
waveguide  mode. 


The  amplitude  is  given  by 

A**  ■*  .5,’  5<j,(z)  G,(zs)\ ,  exp(nr/r  +  i  kn-DS,).  (62) 

The  phase  delay  time  t /’■'"'({ )  is  obtained  by  evaluating  the  phase  of  A,: 

w0t/’v-(£)  -  argU, r).  (63) 

The  group  delay  time  r /'■'"'(£)  is  obtained  by  evaluating  the  derivative  of  the  phase  of  A,: 

x/'-w"(t)  —  -^-larg(/(,v,U  (64) 


The  path  length  A>  from  the  transmitting  antenna  to  the  receiver  location  is  a  function  of  the  orbit  angle 
£  and  the  orbit  radius  r  according  to  the  approximation 

D  =  D0  +  r  sin  £,  (65) 

where  I),,  is  the  distance  from  the  receiver  to  the  center  of  the  orbit.  To  calculate  K/v‘’(£,tw),  wc  per¬ 
formed  summations  as  indicated  in  Eqs.  (54)  through  (56). 

We  calculate  the  horizontally  electrically  generated  fields  in  an  analogous  manner: 

x/l,lu'  (t„,£)  -  M/lM  cos  lor  0r  /’"•'(£)]  C0  Wfhr(£)  -  t  „)  (66) 

and 

( tk,0  --  N\Aj*\  sin Iw0t /'■'"'(£)]  C„  (r #■'"■(£)  -  rH).  t67) 

The  amplitude  of  the  /  th  mode  is  given  as  follows: 

Ahr  G',(z)6r(zt)A,  exp(;-/r/4  +  ik„  /J  .S’,)  .V,  s  A,(z,)  =  V  .5',  A,(z„).  (68) 


The  phase  and  group  delay  times  arc  given  in  the  same  manner  as  for  the  vertically  generated  modes: 

w„  r /’■'"'(£)-  argtzl/"  )  (69) 
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and 


r , (O  =-  [arg(.4 /"')]. 

au) 


(64) 


Tables  2  and  3  give  the  numerical  values  used  in  making  the  correlation  calculations. 


Table  2  —  Set  of  Quantities  Used  in  Calculation 
of  Correlation  Vectors 


Mode 

Quantity 

Value 

1 

m  n 

TfV' 

TfVP 

UM 

1.26500262  x  lb"1 
1,33658211  x  10~2 
1.34400  x  10- 2 
2,52495471  x  10"3 
1.335331 57  x  10~2 
1.34400  x  10'2 

2 

i/iri 

T  fVP 

U  i"l 

r 

1,11773228  x  10-' 
1.32437617  x  10  2 
1.356666  x  10'2 
5.62805237  x  lO'3 
1.32562578  x  ltr2 
1.356666  x  10  2 

Table  3  —  Second  Set  of  Quantities  Used  in 
Calculation  of  Correlation  Vectors 


Mode 

Quantity 

Value 

1 

ur  1 

1.26500262  x  10  1 

T 

1.3365821  1  x  10  2 

T  f'  Vl’ 

1.34400  x  10  2 

l/i  M 

2.52495471  x  10  3 

r 

1.3315820  x  10  2 

r  (  hr 

1.34400  x  10  2 

* 

i/ir  1 

1,26500262  x  l()  1 

1.33908211  x  10  2 

r  f  v" 

1.356666  x  10  2 

5.62805237  x  10  3 

r  f 

1.3365820  x  10  2 

T  f  hr 

1 _ 

1.356666  x  10  2 

Results 

Figures  24  through  29  show  X/(rH)  and  contours  for  y  values  of  90°,  85°,  80°,  60°,  45°, 

and  0°  with  'he  propagation  parameters  of  Table  2,  Figure  30  shuws  Ru)'"'(ti< ),  the  correlation  vector 
of  the  lirst-ordei  mode.  Figures  31  through  36  show  the  correlation  vector  for  propagation  parameters 
of  Table  3  for  y  values  of  90°,  85°,  80°,  60°,  45",  and  0°.  The  "average"  chip  duration  for  each  of  these 
calculations  was  r,.  -  1  ms.  The  total  length  of  each  chip  is  7'  —  2r(.  =  2  ms.  The  radius  of  the  orbit  is 
3  km;  the  distance  from  the  center  of  the  orbit  to  the  receiver  is  4000  km. 


Fig.  24b  —  Wiuse  behavior  of  /?’/ (t w )  for  y  - 
calculated  with  the  parameters  of  Table  2 
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.  4  -- 


:»  —  Amplitude  bcliavior  of  /?/ 1 ) (r ^ )  for  y  —  0°, 
calculated  with  the  parameters  of  Table  2 


in 


10b  —  Phase  behavior  of  K^Htk)  for  y  —  ()p, 
calculated  with  the  parameters  of  Table  2 


FiK  31b  —  Phase  behavior  of  R[(tk)  for  y  “  9< 
ealculaled  with  Ihc  parameters  of  Table  3 


Fig.  35a  —  Amplitude  behavior  of  «/(r„)  Tor  y 
calculated  with  (he  parameters  of  Table  3 


rN( 


Amplitude  contours  corresponding  to  Mg.  36u 
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Discussion 

Figure  24  shows  the  correlator  performance  for  the  case  of  a  completely  horizontal  antenna.  For 
this  case  |K,(t*)|  goes  to  zero  at  £  -  90“  and  270°,  and  there  are  sudden  180“  phase  flips  at  these 
angles.  The  best  correlation  time  appears  to  be  at  t  R  =  13.5  ms,  which  is  the  middle  of  the  correlation 
peak. 

Figure  25  shows  the  correlator  performance  for  the  ease  of  an  antenna  with  inclination  y  -  85° 
from  the  vertical.  For  this  case  it  is  difficult  to  say  if  there  is  a  single  best  receiver  synchonization  time 
t R,  During  most  of  the  orbit  it  appears  that  the  time  r R  --  13.5  ms  would  be  the  best,  Ilowevci,  this 
value  of  rw  appears  to  give  a  value  of  |  Rfij  R  )  \  that  is  severely  reduced  al  £  =  90  and  £  “  270  .  For 
this  case  a  system  of  selection  of  three  values  of  tr  separated  by  1-ms  intervals  (12.5,  13.5,  and  14.5 
ms)  would  give  a  more  stable  average  performance  in  the  evaluation  of  R'(tk).  The  discontinuity  in 
Fig.  25d  al  tr  -  13.8  ms,  signified  by  the  heavy  vertical  line,  is  due  to  a  360“  ambiguity  which  has  no 
real  significance  except  at  the  nulls  (£  -  120“  and  £  -  240”),  where  l«/'(r/:)l  -  0.  Comparison  of 
Figs.  25c  and  25d  illustrate  this  feature  clearly. 

Figure  26  shows  the  correlation  performance  for  an  antenna  with  y  -  80°.  In  the  vicinity  of  r  „ 
=  14.0  ms  and  £  -  180°  there  is  an  abrupt  drop  of  signal  and  jump  in  phase.  Otherwise  the  |/£((rw)| 
function  seems  fairly  well  behaved. 

Figure  27  shows  the  behavior  of  K/O/,)  for  an  antenna  with  y  -  60°.  The  amplitude  and  phase 
variation  of  the  correlation  are  much  milder  than  for  the  eases  with  smaller  values  of  y,  since  the  verti¬ 
cal  elcctric-iicld  components  exceed  the  horizontal  components  by  it  least  one  order  of  magnitude  at 
this  droop  angle,  This  trend  is  continued  as  y  is  decreased  to  45”  and  then  to  0°  in  Figs.  78  and  29, 

Figure  30  gives  the  value  of  k'/"v,'(tw  )  It  illustrates  the  case  of  pure  first-order-mode  propaga¬ 
tion  from  a  vertical  electric-dipole  source. 

The  values  of  the  propagation  quantities  in  Table  3  are  similar  to  those  ol  table  2  except  lot  an 
adjustment  to  produce  maximum  mode  cancellation  and  interference  eilects.  We  have  made  the  first- 
order  and  second-ordei  vertically  generated  modes  have  opposite  phase  and  equal  magnitude.  We  have 
modified  the  phase  of  the  horizontally  generated  modes  so  they  are  in  the  same  phase  plane  with  lire 
vertically  generated  modes  to  produce  maximum  (ield-slrength  variation,  lienee  both  severe  eflocls 
appear  in  Figs.  31  through  36. 

Figure  31  gives  the  behavior  of  for  the  propagation  parameters  of  Table  3.  1  he  results 

are  almost  identical  to  those  of  Fig.  24,  since  y  =  90”  and  the  only  changes  made  in  the  parameters  of 
I  he  horizontally  generated  modes  are  to  the  phase  delay  times  r(  1  and  r  j 

Figure  32  shows  the  behavior  of  /</ (t  r  )  for  the  case  of  y  “  85°.  The  influence  ol  the  splitting 
of  the  vet lically  generated  function  is  more  evident  on  die  phase  plot  than  on  the  amplitude  plot. 

Figure  33  shows  the  behavior  of  /</( t „)  for  the  case  of  y  =  80”.  Here,  the  influence  ol  the 
correiation-pcak  splitting  of  the  vertically  generated  function  is  quite  evident  a  ;  the  notch  ill  the  corre¬ 
lation  peak  makes  its  way  from  side  to  side  through  the  values  ol  r  H  and  £.  1  his  is  illustrated  lutthet 
in  Figs.  34  and  35,  which  give  the  graphs  for  y  ==  60"  and  45” 

Finally,  Fig.  36  shows  the  split  correlation  peak  for  a  purely  vertical  antenna  being  carried  around 
an  orbit.  Here  we  find  a  nearly  constant  variation  of  |/f/(rr)|  versus  £,  and  the  phase  ol  the  correlation 
function  (/* / ( 1  )  varies  only  moderately  with  £.  As  a  function  of  r R,  these  variables  show  the  expected 
splitting. 
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The  phase  4>/(tr)  changes  gradually  with  r R  in  Figs.  27  through  29,  whereas  in  Figs  34  through 
36  it  changes  abruptly  at  certain  tr  values  but  then  achieves  a  constant  value  again  on  either  side  of 
the  change  point.  This  is  readily  explained  using  the  diagrammatic  techniques  previously  discussed, 
since  in  the  first  case  the  correlation  function  for  the  individual  modes  /?/*’( tr)  are  not  coplanar,  and 
in  the  second  case  they  are  coplanar,  so  that  only  abrupt  phase  changes  arc  permitted. 

CONCLUSIONS 

This  report  shows  possible  types  of  variation  of  the  correlation  vector  R'( t  R)  when  an  airborne 
VLF  transmitting  system  is  employed.  Use  of  a  single  correlator-synchronization  time  cun  result  in  loss 
of  communications  because,  of  possible  signal  degradation  and  phase  change  caused  by  orbital  and 
modal  interference  effects.  Multiple  and/or  adaptive  correlation  and  decision  techniques  seem  indicated 
for  this  channel. 
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SUMMARY 

U.  S.  Air  Force  studies  of  the  characteristics  of  long  radio  waves,  excited  by  airborne  VLF/LF 
transmitting  antennas,  are  described.  These  antennas  provide  a  source  of  both  conventionally  used 
Transverse  Magnetic  ( 1M)  waves  anti  heretofore  unused  Transverse  Electric  (TL)  waves.  A  variety  of 
experimental  and  theoretical  studies  are  described.  Included  are  discussions  of  TL/1M  signal  and 
atmospheric  noise  data  obtained  using  balloon,  rocket  and  aircraft  platforms,  and  theoretical  studies  on 
the  propagation  of  TL/ IM  waves  under  both  normal  and  disturbed  ionospheric  conditions.  Tho  exploitation 
of  the  TL  polarization  for  improving  the  range  and  reliability  of  VLF/LF  air-to-air  coiimuni  cat  ions  is  alsu 
considered. 

1.  IN1R0UUC1  ION 

Conventional  Very  Low/Low  Frequency  (VLF/LF)  radio  transmitting  stations  have  vertical  antennas 
which  excite  waves  of  the  Transverse  Magnetic  (TM)  polarization  in  the  earth- ionosphere  waveguide  (see 
Figure  I).  With  the  advent  of  systems  such  as  the  U.S.  Air  Force's  ARC-%,  it  is  now  possible  to  transmit 
VLF/LF  signals  from  high  speed  aircraft,  lhese  aircraft  are  equipped  with  long  trail  jng-wirc  antennas 
which  may  have  lengths  in  excess  of  0-7  kilometers.  In  high  speed  operations  air-drag  forces  the  antenna 
into  a  nearly  horizontal  position  such  that  the  desired  vertical  component  may  be  only  about  one-tenth  of 
tile  total  length.  In  terms  of  radiated  power,  such  an  antenna  is  in  the  order  of  only  one-percent  as 
effective  as  it  would  be  if  it  was  vertical.  Because  the  radiated  power  from  such  nearly  horizontal 
antennas  is  mainly  in  the  Transverse  Electric  (TL)  polarization  (see  Figure  1).  the  question  naturally 
arises  as  to  whether  or  not  the  TL  polarization  could  he  exploited  for  coiiniunication  purposes.  The  answer1 
depends  on  such  factors  as  the  distribution  of  wave  intensity  with  altitude,  azimuth,  and  range,  as  well 
as  considerations  of  the  background  noise  and  oilier  interference,  and  the  practicality  of  installing 
aircraft  receive  antennas,  etc.  Ihis  paper  describes  a  variety  of  experimental  and  theoretical  studies 
conducted  or  sponsored  by  the  Propagation  Branch,  Rome  Air  Development  Center,  D.S.  Air  force,  which 
addresses  a  number  uf  these  question  areas. 

7.  (JIIAI.  1 1 A I IV  F  CDNCLPTS 

Tu  the  extent  that  the  earth  and  the  Ionosphere  may  he  considered  to  be  a  Flat  waveguide  for  long 
radio  waves,  the  distribution  of  field  intensity  with  altitude  may  be  thought  of  as  resulting  1  rum  the 
interference  uf  elementary  up-going  and  down-going  plane  waves  reflecting  from  the  boundaries  at 
certain  oblique  (modal)  incidence  angles.  At  these  angles  the  phase  changes  due  tu  reflection  are 
such  that  the  up-going  and  down-going  plane  waves  are  consistent  witlr  each  other,  lor  example,  lor 
most  common  types  of  earth,  4!>  kllz  IM  waves  incident  at  angles  less  than  about  U/“  (below  the  Brewster 
angle)  may  be  regarded  as  reflecting  with  no  large  dial  ye  ol  phase.  Or  the  other  hand,  the  same  waves 
incident  on  a  flat  Ionosphere  at  angles  greater  than  about  b!>"  are  beyond  the  quasi -Brewster  angle,  and 
reflect  with  a  nearly  180"  phase  change.  Ihus,  for  incidence  angles  appropriate  for  long  range 
propagation,  the  modal  structures  for  IM  waves  between  a  flat  earth  and  a  flat  ionosphere  would  tend 
to  Ire  tlie  forms  shown  in  figure  lb.  for  the  efficient  coupling  to  such  modes,  an  electric  dipole 
transmit l ing  antenna  should  he  vertical ,  and  preferably  close  to  the  ground. 

for  IT  waves,  however,  most  common  surfaces  are  sufficiently  well  conducting  at  low  frequencies 
to  give  a  phase  change  of  nearly  180"  on  reflect  Ion,  .it  all  incidence  angles.  Thus,  there  is  a  field 
cancellation  effect  at.  the  ground,  find  the  modal  structures  tor  IT  waves  should  resemble  those 
illustrated  irr  I  igure  lb,  winch  shuw  little  or  no  11  field  at  low  altitudes.  Accordingly,  till'  observation 
of  Tl.  waves  would  require  receiver  probes  at.  altiludes  amounting  Lo  an  appreciable  I  ruction  ol  the 
distance  between  the  ground  arid  the  ionosphere.  Similarly,  i  or1  the  efficient  excitation  of  the  Tl 
polarization,  the  transmitting  antenna  should  he  at  a  high  altitude  and  preferably  in  a  horizontal 
position.  In  flight,  the  ARC-%  transmitting  antenna  is  typically  about  ninety  percent  horizontal,  and 
Its  Tl.  fields  should  he  radiated  predominantly  in  the  broadside  directions,  lho  IM  fields  1  rum  the 
vertical  component  of  the  antenna,  however,  should  he  nearly  independent  of  azimuth. 

.Strictly  speaking,  the  propagating  Tl  and  TM  polarizations  are  not  independent  because  of  cross 
coupling  in  tiie  Ionosphere  due  to  tho  geomagnetic  field.  Unis,  there  Is  partial  conversion  ol  TM  waves 
into  IE  waves,  and  vice-versa.  The  effect  may  be  especially  significant,  at  night.  Under  normal  daytime 
conditions,  or  during  disturbed  ionospheric  conditions,  VI  I/I  I  waves  tend  to  be  reflected  at  low 
ionospheric  heights  where  electron- neutral  collisions  greatly  reduce  the  influence  of  th  earth's 
magnetic  field,  and  it  Is  generally  appropriate  to  then  consider  the  two  polarizations  as  existing 
simultaneously ,  and  independently. 

3.  RADC  STUD!!  S  UT  It/ IM  SIGNAL  l)IS  IK  IBIITIONS  Willi  A1T1TUDI 

1  hr  altitude  disti  ibutions  of  signals  Troin  ground  based  IM  long  wave  transmitters  have  been 
observed  in  a  number  of  rocket,  flights  conducted  by  RADC  in  the  19/0's,  hut  the  spatial  distribution 
of  If  power  has  been  virtually  unexplored.  In  order  to  observe  the  II  fields  from  an  AKL-'Ki  transmitter 
at  operational  altitudes,  RADII  designed  the  balloon  |iroho  experiment  illustrated  in  I  igure  7.  A  loop 
antenna,  lo  sense  the  vei  l  i cal  magnetic  field  of  The  II  waves,  was  suspended  below  a  standard  meteoro¬ 
logical  balloon.  Tin;  probe,  which  included  a  small  Vl.l  receivin'  and  a  telemetry  transmitter,  w.is 
flown  to  .10  altitude  of  about  73  km,  during  a  time  when  signals  were  available  (rum  a  number  ol  ground 
based  and  airborne  VI 1/1 1  transmitters.  (tiring  the  I  light  of  the  probe  the  loop  antenna  swung  with  a 
random  pendulum  action,  which  prevented  a  strictly  quantitative  me  ..iimnrnl.  ol  the  observed  lieids,  bill 


from  tho  maimer  in  which  the  signals  varied  as  the  loop  swung,  it  was  possible  lu  infer  whether  they  were 
predominantly  TM  or  Til.  The  way  in  which  this  was  done  is  illustrated  in  Figure  2a.  For  the  case  of  a 
predominantly  TM  field,  with  a  horizontal  magnetic  field,  there  would  be  some  1 i el  cl  linkage,  and  thus 
some  signal  pick-up,  when  the  loop  was  in  position  A.  As  the  loop  moved  towards  0  the  signal  would 
decrease  to  zero,  but  would  increase  again  as  position  I!  was  approached.  Ihe  TM  signal  amplitude,  as 
a  function  of  time,  would  therefore  give  a  deeply  serrated  record,  as  illustrated  in  Figure  2b.  In 
the  other  extreme  case  shown  in  Figure  ?a,  that  of  a  purely  Ft  signal,  the  magnetic  field  of  the  wave 
is  vertical,  and  essentially  there  is  always  some  signal  induced  on  tho  swinging  loop.  The  amplitude- 
time  record  would  he  only  slightly  undulating,  as  illustrated. 

Data  obtained  during  sued.  J  in  I  loon  probe  experiment  are  shown  in  Figure  2c.  Ihe  data  from  NAA,  a 
ground  based  TM  transmitter,  show  the  dir;  serrations  expected  from  the  swinging  loop.  A  signal  which 
came  from  an  AR C-'ili  trailimj-wire  aircrait  flying  at  high  speed  { NLACP)  shows  no  evidence  of  such  deep 
serrations,  but  is  nearly  constant,  it  is  surmised  from  the  observations  that  were  made  when  the 
balloon  was  at  an  altitude  of  Id  km,  that  the  signal  was  predominantly  TF.  The  TACAMO  signal  was  from 
an  aircraft  that  was  flown  in  circles  of  relatively  small  radius  so  LliaL  its  transmitting  antenna  hung 
more  vertically  than  the  NliACI’  antenna.  The  TACAMO  record  shown  in  Figure  2c  suggests  that  its  signal 
contained  a  more  egn.il  mix  of  TL  and  TM  components,  i.e. ,  the  sign.  1  minima  are  nuL  as  deep  as  those  of 
NAA,  nor  are  they  as  nearly  constant  as  the  NLACP  siynal.  Tlie  Nl  ACP  data,  although  gualitative  in  nature, 
represented  the  first  tangible  evidence  to  the  Air  Force  that  a  predominantly  IF-  polarized  signal  could 
he  observed  from  a  trail ing-wlre  aircraft,  and  provided  the  impetus  for  It  ADC  to  initiate  and  conduct 
further  studies  relating  to  the  possible  future  exploitation  of  those  signals  to  improve  the  range  and 
reliability  oi  air-to-air  communication  links. 

Hie  next  RAUF  1I./TM  experiments  involved  a  new  type  balloon  probe  which  contained  loop  antennas 
Tor  sensing  both  Hi  and  )M  signals,  independently  (see  Figure  3a).  This  probe  swung  pendulum-fashion 
during  the  balloon  ascent,  but  was  released  at  a  pro-set  barometric  altitude,  and  allowed  to  fall.  Hie 
aero-dynamic  design  of  the  probe  provided  vertical  axis  stabi 1 izatioii  during  the  descent  (typically  within 
about  one  degree),  and  as  the  probe  fell,  it  rotated  in  azimuth  with  the  plane  of  the  Tl.  loop  antenna 
remaining  essentially  horizontal.  The  plane  of  the  TM  receiving  loop  antenna  was  practically  vertical 
during  descent,  hut  rotated  azimuthal ly.  An  experiment  using  tills  'DART1  probe  was  performed  at  Churchill, 
Canada,  to  observe  the  44  kHz  signals  from  an  ARC-DTi  aircraft  flying  over  Lake  Superior.  The  plane  tlew 
at  an  altitude  of  about  '1.4  km  In  a  race-track  orbit  approximately  101)  km  by  30  km. 

During  each  revolution  of  about  twenty  minutes  time,  all  azimuthal  aspects  of  the  half-wave  (3.4  km) 
trail  1 ng-wiru  antenna  were  presented  to  the  receiving  package  at  Churchill,  during  its  ascent.  Ihe 
propagation  path  was  maytietical ly  north,  and  Its  average  length  was  about  131)0  km.  Ihe  experiment  was 
conducted  under  daytime  conditions  ti>  minimize  the  effects  oi  Ionospheric  conversion  from  one  pnlnri/al  ion 
to  the  other. 

During  ascent  of  I  lie  grebe,  tlie  variation  of  II  amplitude  due  to  the  changing  aspect  of  the  ARC-DO 
transmuting  antenna  shewed  up  very  strongly  in  the  data.  Data  puints  obtained  by  plotting  relative 
signal  strength  against,  antenna  aspect  angle,  estimated  by  Interpolation  In  time  between  signal  maxima 
when  the  package  was  at  2U.il  km  altitude,  are  shewn  in  Figure  3b.  Iliore  is  excellent  ayreemeiiL 
with  the  theoretical  pattern  oi  a  half-wave  dipole  in  free  space. 

Ill  Figure  3c,  the  circle-points  show  the  II  maxima  observed  as  the  package  ascended.  The  general 
trend  of  these  points  shows  the  expected  very  marked  increase  of  signal  with  altitude,  but  tile  rate  of 
increase  appears  to  he  slowing  down  around  2D  km  altitude.  The  IM  data  shown  in  Figure  lie  were  obtained 
liming  the  axis-stabilized  descent  portion  of  the  night,  when  the  loop  response  to  the  dominant  IT 
I  I  eld  was  minimized.  Hie  IM  Held  was  about  ().//ia/in  at  the  ground,  and  except  for  miner  variations, 
decreased  with  increasing  altitude.  Ibis  characteristic  agreed  with  expectations.  Hie  Tt/IM  data  in 
Figuie  3c  show  that,  at  an  altitude  (if  D.4  km,  the  II  signal  was  approximately  12  dll  larger  than  the  IM 
signal,  ami  at  22  km,  the  11/ IM  ratio  iiail  increased  to  about  ID  dll.  It  wjs  estimated  during  the 
experiment  that  the  ARC-DO  radiated  about  II  kw,  with  all  but  about  two  percent  of  it  being  in  the  'll. 
polarization,  due  to  the  almost  horizontal  aspect  oi  its  trai 1 ing-wlre  transmitting  antenna, 

I  nr  completeness,  field  sLrcngth-alt  i tilde  pnililes  lei  three  ground-based  IM  transmitters  were 
also  recorded.  Iliey  shewed  the  expected  tendency  for  the  IM  Fields  In  decrease  with  increasing 
altitude.  II  these  IM  stations  excited  any  II  wave  cumponenLs  during  this  daytime  flight,  the  amplitudes 
were  toe  weak  to  measure  with  the  instrumental  ion  used.  Ibis  would  mean  that  they  must  have  been  at  least. 
2D  ill!  lower  than  tlie  IM  signals. 

During  this  experiment  it  was  also  possible  to  obtain  estimates  of  H./TM  background  noise  ,  by 
replaying  the  telemetry  tapes  through  a  receiver  Limed  slightly  off  the  44  kHz  ARC-%  frequency. 

Although  telemetry  noise  placed  a  limit  on  the  level  of  atmospheric  noise  that  cuold  lie  observed  from 
Ibis  experiment,  it  was  concluded  tliul  the  II .'-atmospheric  noise  background  was  at  least  (i  dlt  below 
the  TM  noise,  even  at  an  altitude  of  2?  km.  In  later  experiments,  using  mure  sensitive  equipment,  the 
IL-ulniuspiieric  noise  was  estimated  to  lie  at  least  12  ill!  less  than  the  IM  noise.  More  recently  a  day¬ 
time  flight  uf  a  It-  and  IM- instrumented  AH  CAS  rocket  provided  polarization  ratios  Tor  2D3  individual 
si erics.  At  31)  kHz  tlie  TM/  II  noise  ratio  was  larger  Ilian  about  1'j  dll  near  the  earth's  surface,  but 
decreased  with  increasing  altitude  to  about:  II  dll  at  (>()  km.  Ollier  studies,  by  the  J.S.  Navy  and  Air 
Force  organizations,  have  estimated  that  Liu:  II  noise  is  often  20  dll  lower  than  the  IM  noise.  Factors 
which  determine  the  IM/TF  noise  ratio  at  a  given  altitude  include  (a)  the  difference  in  altilude- 
amplitude  profile',  which  are,  in  turn,  determined  primarily  by  the  boundary  conditions  at,  the  earth 
and  the  Ionosphere,  (b)  the  relative  strenylh  of  Idle  two  types  of  pattern,  which  may  vary  with 
propagation  distance,  ami  which  depends  mi  Mu-  relative  el  led.  iveness  oi  the  average  lightning  stroke 
ill  exciting  the  patterns. 
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A.  TI'VTM  KIONAL  hhiliUlWlON  WITH  HANIK 

The  results  of  KAlKI'a  early  swinging- Loop  and  HAhT  probe  oxjxjr Imonts  indicated  a  possibility 
of  Improving  air-  to-air  long  wave  conmunt cations  by  exploiting  the  TK  polarization,  provided  the 
azimuthal  pattern  of*  the  trail  it  ig-wiro  antenna!;  could  be  accepted,  and  provided  that  both  the  trans¬ 
mitting  and  receiving  airerart  were  at  sufficiently  high  altitudes.  There  were  no  data,  from  these 
experiments,  on  how  the  TF/IW  signals  varied  with  rmigo  from  tlir  airborne  transmitters.  lb  obtain  such 
data,  RAPC  equipped  a  U--'  aircraft  to  receive  Ti'/iM  signals.  This  was  accomj dialled  In  a  aeries  of 
flights  In  the  vicinity  of  Hawaii.  A n  example  of  the  data  received  during  one  such  flight  is  shown  In 
Figure  *1.  With  the  transmllthig  aircraft  at  9.7‘>  krn,  ;ind  the  U-2  receiving  aircraft  at  iy  kin,  the4 
received  TK  .signals  wore*  substantially  greater  than  the  rLM  sigrvils,  over  the  measurement  range  of 
*U)0-1000  km.  Tlu?  lneauui’omentfi  for  this  flight  we're  limited  to  about  1000  km  due  to  aircraft  electrical 
noise  problems.  rihls  noise,  from  the  U-F'a  generating  system,  excelled  the  background  atmospheric 
noise.  In  fact,  during  all  the  U-2’s  flights,  the  internal  electrical  noise  from  the  hannonlos  of  the 
aircraft's  *100  II?.  generator  limited  the  maximum  range  at  which  the  TF/TM  measurements  could  be  made. 

To  alleviate  the  problem  during  the  U-2  tests,  a  prototype  Interference  cnnceLlath n  system  was 
developed  anil  uiuxl  to  extend  the  measumuents  range  out  to  about  2000  km.  To  date,  however,  the  Internal 
aircraft  noise  on  operational,  aircraft  is  the  primary  problem  to  be  overcome  If  significant  increases 
In  comnuni cation  ranges  art?  to  l>e  achieved.  Figure  A  illustrates  another  feature  of  TF/iM  projxigatton 
which  has  been  observed  on  numerous  flights.  'Ihe  distances  at  which  the  relative  nulls  of  the  two 
aif^ials  occur  are  different,  no  that  there  Is  a  ’null— Pi I  ling'  capability  which  could  help  to  Insure 
more  reliable  coiiiuuu  lent  ions  If  both  polarizations  were  being  received. 

b.  aMinri'ATioNAi.  sruujrc* 

Theoretical  studies  of  excitation  factors,  helght-gilns,  and  at:tenuation  rates  further  revea l  the 
relative  olmraelertstlea  nl*  TK/TM  slgnaLs  from  airborne  transmitters.  The  brief  discussions  describing 
these  factors,  which  foLlow,  art?  incomplete  and  are  meant  only  to  show  some  of  the  broad  features  which 
tend  to  characterize  the  two  |x>larlzatlons. 

The  fields  of  the  tralling-wli’e  electric  d!j>ole  in  the  earth- Ionosphere  waveguide  o;ui  be  expi’essed 
as  suiwiuMons  of  the  elementary  waveguide  ituxies,  as  described  earlier  in  conjunction  wltli  Figure  1. 

Fur  daytime  or  dlsturlx’d  iononplierio  coin!  It  Ions,  when  geoni  igriullo  mode-coupling  can  be  neglected, 
a  vertical  electric  di|>ole  excites  only  'I'M  mfxies.  Kach  *1M  iixxle,  and  hence  the  total  field,  contains 
only  three  comix merits;  Viz,  a  vertical  electrical  field,  a  transverse  magnetic  field,  a  longitudinal 
eLectric  field,  as  shown  in  Figure  1.  A  horizontal  electric  dipole  excites  both  fLW  and  TK  modes,  and, 
for  arbitrary  orientations,  excites  all  six  field  cuuijunontu  shown  In  Figure  Lh.  However,  for 
propagation  pet’ixindlcular  to  the  dlix>le  axis  (Uie  situation  analyzed  here),  onLy  the  vertical  magnetl  c 
field,  the  trains  verse  electric  field,  and  the  longitudinal  nugnotic  field  are  excitcni.  Although 
these  ai*e  tin.*  same  three  field  oomiJonents  t.liat  are  pre  .ent  In  a  jmre  TK  mode  (see  Figure  lb),  the  broad  ¬ 
side  fields  art?,  In  fact,  cuit)x)sed  of  complicated  combinations  of  Ik>Ui  TIC  and  1M  modes.  'Ibis  absence 
of  pure  moil'll  excitation  has  led  to  the  designation  ’quash  mix  lea’  for  the  horizontal  electric  dipole 
flu  Ida.  'Hie  contribution  of  each  mode  to  the  total  field  Is  promotional  to  the  product  of  four  factors; 
viz,  the  excitation  factor,  the  transmitter  height-gain  factor,  the  receiver  height-gain  factor,  and 
the  propagation  factor.  Most  of  Uie  r'esults  described  helow  are  for  a  nominal  daytime  Ionosphere, 
approximated  by  an  expuiont lal  conduc'd vlty  he lght-i gradient. 

b.l.  Kxc list Ion  hhetors 

Figure  shows  the  frequency  deijcndencc  of  tlx'  oxel ts tdoi i-f actor  iiuignl tudes  of  the  first  three  'IM 
modes  (a  1,2, d)  and  the  first  two  TK  modes  (  p  1,2)  for  ambient  daytime  cosdl t lotus  and  a  ground 
conductivity  of  HP’  iiilios/iu.  'Ihe  m?4'jil tude  of  the  modes  give  the  relative  contributions  of  each  mode 
to  the  total  fields  at  short  distances  from  ground-based  electric  dtjxjles.  KITeoi.s  of  elevation  /u id 
long-path  propagation  .aro  accounted  for  In  the  height-gain  and  propagation  factors,  to  he  given  later. 

'I'he  I'irst  three  ‘IM  nuxles  sre  excited  equally  at  the  lower  VhF  frequencies,  hut,  above  alx>ut  10  kllz, 
the  hlghet^-order  'IM  modes  ar<!  much  mure  effectively  excited  than  the  l’Uwt  one.  The  TK  modes  are 
excited  much  more  |>oor  1  y  Uirm  the  'IM  imxlcs,  by  four  or  five  orders  of  111:4,  dtudr,  as  shown  In  l|,1gure  b. 

The  t  *f  I*  I  c  lei  icy  of  TK-mode  excitst  Ion  relative  to  'I’M-nnm-  excitation  hn))roves  as  the  garound  conduct,  W I  ty 
Is  reduced,  hbr  example,  at  21)  kll?  the  TK-uiudu  excitation  factors  are  nearly  two  orders  of  magnitude 
greater  for  a  10“ J  mlios/in  conductivity  than  for  10~3  mhos/m.  on  the  other  timid,  the  excitation  factor 
for  the  loweat  TM-modo  Is  less  hy  almost  an  order  of  magnitude  If  the  conductivity  Is  changed  In  the 
siuiie  fashion. 

'Ihe  excitation  factors  also  depend  on  the  state  of  the  Ionosphere.  ‘Ihe  excitation  factors  as 
defined  here  <*ind  shown  hi  FI  gin  1?  b  are  Inversely  pro|x>rt  lonal  to  a  quantity  that  hec.omes  1 J  k  ?  ‘height 
of  the  Ionosphere*  In  the  limit  of  a  sharp Ly  bounded  Ionosphere.  Kir  the  diffuse  Ionospheres  used  hero, 
the  excitation  factors  at  the  lower  Vl.F  frrjqueneles  are  roughly  pi>o|xn*t lonal  to  tin?  Inverse  of  the 
average  height  at  which  im|x)rt;uit  reflections  occur.  'Ihus.  one  would  exjxict  these  factors  to  In.'come 
somowlvit  larger  under  dlsturhixi  conditions,  wlu’ii  Uie  ionospliere  Is  slgnl  (Meant, ly  depressi*!. 

b.2.  lUdglit-Haln  I'Vuitors 

The  hel glil.- -gal  11  factor  of  the  waveguide  mode  acj'oiints  for  the  effects  of  noii-'/.ei’o  traiumil tter  and 
recedver  helglits.  More  piiMihndy,  the  traiumil  tter  height-gain  factor  Is  Uie  ratio  of  the  mode  excitation 
for*  l,h<;  actual  transml  tter  height,  h,  to  the  mode  <>xcl  tat  Ion  for  a  g.mund-hased  ti’ansmlffer.  Similarly, 
the  receiver  height-gels  factor  Is  the  ratio  of  Uie  mode  streiiirth  at  the  receiver  height,  ■/.,  to  the  TK  nr 
'IM  fields,  nouns M?(!f1  to  a  value  of  unity  at  the  ground.  I'br  nlevaUxi  teunlnals,  the  conl.rllmt Ion  ol’  a 
given  mode  to  the  total  field  Is  proportional  to  the  product  of  the  excitation  factor,  the  transml tter 
height-gain  factor,  and  the  "ecelver  height— g/i In  factor.  'Ihe  trnnsmsl tter  and  recfdver  height-gain  factors 
for  a  given  mode  are  Ideritd  .  and,  thr>r«'fore,  are  i>qua]  when  transml  tter  and  receiver  are  at  tin-  same 
altitude.  In  tills  case,  I. Iw*  relative  hii]x>ratnure  of  a  mode  In  projjoetl ona  1  to  the  pnxluc.t  of  Uie  excitation 
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factor  mid  the  square  of  Dio  hrlrfit-tfilu  factor  computed  for  Die  appropriate  altitude.  Figure  6  shown  the 
computed  height— fTUn  factors  for  the  flrut  three  TM-modes,  for  ambient  daytime  conditions,  a  conduct'd vlt.y 
of  10“3  nihou/m,  .aid  a  frequency  of  AO  kll/.  'those  height-gain  fa  ’.Lora  exhibit  the  classic  helg,ht-doper)dence: 
for  antennas  over  a  highly  conductive  ground;  the  'LM  mode  he Lght-giln  factors  are  of  order  unLty  over  moat 
of  the  waveguide,  except  for  nome  rather  .sharp  nulla;  mid,  above  a  few  kUometerc,  the  TK-modo  helght-gabi 
far  torsi  Increase  sharply  to  valuer  well  In  oxen:;:;  of  one-hundred.  War  elevated  antennas,  the  large  TIC-mode 
height-gain  factor  mitigates  the  el  Tecta  of  Uie  uinuLL  excitation  factor,  and  theuo  mode.*;  c.;m  be  excited 
about  as  effectively  an  'tM  modes . 

b .  ] .  After  mat  Ion  It  i1.(  ;s 

Modal,  attenuation  rates  .account  for  Die  reduction  (over  and  above  cylindrical  spreading)  In 
strength  suffered  by  a  unde  In  propagating  between  the  Lrvuisrnl tter  ;uid  revolver*  Figure  7  allows 
calculated  attenuation  rater,  versus  frequency  for  the  first  throe  'IM  modeu  mid  the  first  two  'll)  modi?:; 
for  ambit  ‘f  daytime  conditions  ?uid  a  ground  conductivity  of  10~3  mhos/m.  rJlie  hlg^ier-ortler  modeu  are 
more  heavLLy  attenuated  tlvm  lower-order  ones;,  which  a  1.1  own  one  to  riogloc4  the  higher  Lunusi  hi  the  mode 
inline  fit  large  dtataiioeiw  At  AO  kll/.,  liowever,  the  attenuation  ratec  for  the  TK  modes  differ  by  only 
about  2  dM/Mnw  Given  t.)iat  Die  hl^wr-ordor  modes  are  more  effectively  excited  Ilian  the  lower  oner.  It 
in  doubtful  that  TK  mode  sums  can  be;  truncated  throughout  the  upper  11’  band  under  mil) tout  condltiona. 

I ‘’or  moderately  disturbed  condition:!,  the  higher  modes  are  much  more  lieavily  attenuated  than  Uie  first 
modeu,  and  the  mode  aum  can  he  uaed  well  Into  the  1.F  r< igime.  Figure  7  shows  that  the  lowest  TK  mode 
la  slightly  lean  attenuated  th;ui  the  lowest  TM  mode.  Thia  hcliuvLor  la  in  contrar.t  to  results  found 
for  a  perfectly  conduct ll if1;  ground.  Those  results  Indicated  Difit  the  first  'IW-mode  attenuation  rate  wan 
between  ?— 3  dll/Wu,  which  w:iu  1-2  dB/Mm  Leu.*;  tli;ui  the#  lowest  TK-nuxio  attenuation  rate.  The  decrease  In 
gi*ound  c< inductivity  from  perfectly  conducting  to  L0~3  niVuns/ui  causes  the  first  'IM-mode  attenuul Ion  rate 
to  essentially  double,  while  the  'ITr-nxxlo  jj.btuiiuut.loii  rate  iu  relatively  uncli/uiged.  Other  calculations, 
for  an  assumed  ground  conductivity  of  10“ J  mhoa/m,  further  show  the  relative  Insensitivity  of  the  TK- 
mode  attenuation  rate  to  gmuid  conduct! vl ty.  Mir  example,  at  20  kll/.,  the  flrut  'IM-nuxlu  attenuation 
rate  is  about  B.b  dB/Mm,  while  the  flrut  'JTl-imxie  attenuation  rate  in  still  only  about  iJl  dB/Mm#  This 
large'  I ticii mae  In  the  TM-fitleuuutlon  rate  occurs  because  flu?  'IM  ground  reflection  has  a  (juasl-Htvwsbcr 
angle  effect  at  the  giimnd,  wliero/iu  the  TK  coefficient  does  not.  In  uuitmary,  'iM-imxle  attenuation  rales 
are  more  uennitilve  to  climgec  In  ground  conductivity  than  are  TKntkxle  .attenuation  ralm;. 

In  cuntraat,  however,  other  utudlea  have  uhown  that  TK  modeu  are  relatively  more  ueiiultLve  to  1  enci¬ 
pher  to  conditiona.  Klgutv  uuiimarl/.en  calculatlonu  which  j;rovlde  er.t1in?ifeu  el’  how  much  more  the  flrut 
TK  mode  In  attenuated  th'ui  the  flrut  'iM  mode  over  the  KMjO  kll/.  iNUge,  for*  a  ground  conductl  vl  tv  of 
10“3  inlion/Miii,  and  fora  variety  of  lononpherlc  c.ouditlc;iun  I'hr  uudlnturhod  condltdonu  or*  lV<x|uene1eii 
above  aliout  h  kll*/.  there  In  only  a  anvil  1  exoeuu  'I'Kninde  att.enuatlon;  aid,  for  a  wealt  nuclear  or  utiuii' 
polar  cap  alxjoi*} )t ion  event  (1*<JA)  the  c.*xoen:i  TK-altenuaf Ion,  altlujugli  larger,  iu  utlll  re'latlvel.y 
iiKxlerate,  Mur  HKiderate  or  ne-voru.*  lorionphnrlc  i1  luturbimceu,  howev<?r,  the  execuu  Tl'r-atfeniiat ion  hecemeii 
very  large*.  An  lnveutigaUon  of  tin; 'i'K/fM  lonouphc?rlc  reflection  oonff lc lentu  for*  oblique  Incidence 
.'ugleu  for  the  dlnturbed  louoUpliiu*lc  caueu  I’c.vealu  that.  1.he  TK  and  'IM  reflection  coefficient:!  art? 
generally  quite  ulnjllar,  un  that  Die  reuul.thg  (»xi?i*nu  'I'IMikxIi*  atteniiatlon  may  .at,  fir'd,  ueim  ]»v/.7, 1  lig. 
llowev(?r ,  In  oilier  to  ual.lnfy  tin;  boundary  condltiona,  tl  Iu  found  that  the  TK  modeu  niuut  be  more  deeply 
Inc.  blent  oil  Die  loin  raphe  I’e  i.lian  the  ‘IM  mode."..  One  (?on:uqUence  of  t.lilu  afeoper  1  n<;  I « It  u  *  In  that  Die  'I’K 
reflection  t;oi»l’flch>nl,  In  generally  Moumwhuh  miviller  than  the  'IM  coc'IThrhnt;  hut,  iiKm?  1in|xu,t.,uit l.y , 
lb*'  nt<*ep(?r  Incidence  angle  c;i.uuc*u  t/ne  nklj»  dlutancc  ol'  the  'lTf-mtxle  plain?  wavi*  to  he  algid  {Meant ly  lean 
{.ban  that  of  the  eoproupondlng  ‘IM-mode  wave,  'lima,  tin*  ‘I'lv-modi?  will  gem*rally  uufl’er  iiKrre  lnoaphe],l c 
rt?fh»ct Iona  pei*  a  g.lvcri  dlutain.e  th'in  the  'IM-mode.  Them*  additional  ref  1  ec.th >nu  c.aune  moat  of  Die 
ey.ctfun  'I'l'HiKwie  al.teiiuatlnn. 

K1r?hl  .Strength  Veraua  Plntanr-e 

Klg.ure  <la  uliowu  calculatlonu  of  'ITI  ; 1 1 1«  1  'IM  fleldsi  I  l  luatrat big  Die  e|‘f(*ct,n  of  <?|ev?lt loll  for  a 
typical  Air  Korce  t)peratlona  I  ronf  Ij^uratlom  Noimil  d.*iy  Id  nit?  ambient  lonoupln'i*  lc  condltiona  wen? 

a; u milled,  and  a  groiuul  cumluctl  vl  ty  of  10~,>  mliou/m  wan  uued.  Moth  tmnuint  tter  and  rer.elver  were  aunumed 
to  be  at  the  ujune  altitude,  and  the  tral  I  I  ig-w  i  re  t  raanml  ttlup;  ani.eima  wan  arsaiiiiied  to  he  Inclined  at  an 
angle  ol'  ten  degree:;  with  renivct  to  flu?  hot' 1 /.on  fa  I .  In  the  Figure  only  a  ulngji*  'IM-;'.1gnal  ufreng;fh 
cur've  Iu  aliowii,  m I ru :* *  the  'IM-:i utreigl.liu  were*  fount!  io  In?  enueiifl al  ly  Inueiiul  Id  ve  to  alflfudeu 
lean  th'ui  nluniL  l()  Urn.  fill  the  other  hand,  flu*  TK-:d|7inI  nfrongthu  (doffed  In  Flgui’t?  ha)  are  ueen  to 
depend  nt.i’oigly  on  the  aircraft*:;  alflfudeu.  M>r  the  Jl()  kll/,  exaiiiple  nlurwn,  the  TK  field:;  nuhafauflal  ly 
exceed  tin?  iM  fb'lou  for  alflfudeu  almv'*  ah)Ul.  7,(i  km.  Flgu'e  bb  r.hovs’a  ea  leu  I  at  Ion:;  r.lml  lar  to  Dnnre  of 
l|'1gure  ha,  hut  for  l.ln*  c.ane  of  a  moderate  ujM’ond  elelii*!::  rnuilear1  envl ronnieiif.  (Vxnp'irlr.on  of  the  TK.  to 
'IM  fields.  In  l.hl u  cade  Iu  lea:;  favorable  than  for  fin*  ambient,  condition;',  uhown  In  Figure  ha  bec.au. ie  of 
Die  much  larger  attenuation  rate:;  aaaoolatod  wli.ii  i.he  TK  irod(?a,  a;;  dracrlbed  above.  Nt?v<?rtlieb?aa ,  at 
raugen  up  to  aliout.  I'jOO  km  Du?  TK  fields;  art?  cuiii|viruhle  or  larg/M*  than  the  'IM  flehla,  for  aircraft 
alfll.udes;  above  7.6  knu  I'hrflieniKH’e,  alnc«*  there  may  In*  lower  background  TK  imlsse,  the  a Ij^ml/nolr.i!  may 
favor  fin?  TK  [xilarl/af  1  oi l  t.»vi?n  out.  Ui  gs*t?at.er  dlafancea.  It.  may  Iu?  that  under  certain  ucenarlon  the 
ilk >ut  ati’ongly  at.tetiuafc.'d  alf7i;il  may  aid  I  I  In?  more  uael'ul  for  c<«nnunb'.af Ion  pur|x):u*a.  Of  coiirae,  In  a 
utrong  nuclear  act?narlo  uuch  (]U(?;;1.1ona  could  he  aca'leml t?,  sdnee  Die  :dg,nala  In  hot.h  pol arl /at b>nc  may 
auffer  iJi'ohlhl  f  1  Ve  atti>nuaf  Iona. 

h.1).  Fh?bl  ;'.fi,eng;th  Vt?raua  Altltule 

Wh«.*n  flu?  field:!  art?  dominated  by  a  r.lngle  wart  .guide  mode,  tin?  ahapea  of  the  field  he  I  pjit -prof  I  I  e:; 
are  Independent,  of*  tllatiri(?e  from  Du?  t.tvii mini  ft.er,  and  art?  eaueiitla I  ly  the  In  glit-galn  fatst.oi*;;  (null, ably 
at fennatt'd )  of  the  tlomlnanf  iikkU*.  Mir  mu  I  Id  -iivxle  prupigat  b>n ,  Die  ssltuatlm  In  much  inert?  eninpl  lcafi.il 
Immune  Du?  f[t?bl  ht?lgjif  prfifl  lea  depend  on  I.he  hclghf-galn  faefora  of  I.wo  o.  laore  mode::.  Tin*  uliape 
of  Uieae  pmflli:;:  tit ‘pend  u  on  tl'-'Ui.am!  aulou  range,  heeauae  Die  relative  eonfrl  I'd.bin  of  each  mode  varle.u 
with  dlutancf*.  fI‘o  I  I  luut.rate  this;  tM'f’ect,  Flf^irt*  10  ahnwa  height  prof  1  leu  o<  M'K  f  I ebia ,  at  four* 
ilbaD’mcea  from  a  t.raiiaiiil l ter  A. 6  km  above  ground,  ihe  curve;:  apply  to  do  kit.,  and  a  ground  conductivity 
of  10"  *  mhoa/iii.  Inapt ‘r'ff on  of  Figure  10  : shown  Dial,  the  mode  afmrfure  evolve, a  from  the  aet?ond  M'K  untie 


■'U,  short  distance;*  t,:>  tin;  first.  Mil  mode  at  hir*?e  distances.  At,  intended  I  ate  <1 1  stance;;  (for  ex.'iinple, 
see  t-li< *  IbOO  km  curve)  there?  Is  a  mixture  of*  the  first  two  modes.  A  similar  evolut  ion  with  distance 
fretn  hlyjier  to  lower  modes  occurs  for  tlu?  MM  fields  (not  shown  In  Figure  10).  Mho  fact  Uiat  tin?  first 
MV!  mode  becomes  dominant  at  IK)  kH'/. ,  const rasts  with  the  nano  for  J|0  kHz,  whore  calculations  show  Uiat  the 
, snoot  id  M'K  mode  hr  mi  Inn  tor,  the  first  out  to  10  Mm. 

In  a  recent  i*x|x?rli..ont>  HADC  launched  an  AKCAK  rocket  to  over*  /()  km  altitude  to  record  the  TK/JM 
slfnals  f'l’cmi  a  tral  Llntf-wl  re  aircraft  Plylnj?  at  ;m  altitude  of*  about  H  km.  M'ho  rocket  wan  fired  at  a 
<11  stance  of  l.hOO  km  from  the  transmitter  at  midday.  Figure  II  ahowa  the  MT)/IM  field  strengths  recorded 
c liif I mj '  that  experiment.  Mhe  TW  sljrna1  profile  was  very  nearly  that  expected  of  the  lowest  order  'LM  mode. 
Mhe  MV;  slpjial  profile  showed  considerably  more  structure,  mid,  1  r :  fact,  can  he  duplicated  very  dourly 
by  aysumlnj'  that  It  waa  made  up  of’  Die  two  lowest  TK  mode.*;,  with  t.he  second  order  mode  having  ?ui 
ampl  i ti|f|o  of  about  0.?}  that  of  tin?  final.  order  mode.  Al.thouj-tfi  the  exixu'lnient  was. conducted  for  an 
a  1 1-:  sea-water  path,  the*  M'K  ampl  llude  height.  prof 1 Lu  very  el  one  I  y  resembles  the  1'jOO  km  TI,,1  profile  shown 
In  Fl/'ure  10.  Jn  other  t?X|x»t*  hurt  its  the  obs< *rved  MV)  structures  tended  to  show  various1,  mixing  of 
essentia)  Ly  the  two  lowest  TK  modes,  wherea.”.  the  MM  structures  more  <:l.o:«'ly  resembled  that  expected 
from  a  lowest  order  MW  mode. 

(».  KAJKPK  PHF»1I*)NJ'  AMI  PhANNl'b  TF/IM  .‘JltlDIKS 

Present  HADO  efforts  an?  on  studying  l.lie  effects  of  POA  events  on  the  Ionospheric  reflectivity 
of  M'F/IW  waver,  hy  unity?  v’Iil*'/l ih'  pulse  1onos< mnd In#-?  systems  located  In  northern  i/reonhmd.  M'he  MV) 
jmlses  are  he'jiy;  radiated  from  a  M  kin-loiy?  horl/.outa I  antenna,  which  was  configured  from  .* u i  unused 
j )owt?r' I  l.i it ?  on  Thule  Air  base,  drei*nhind.  ‘IMm*  MW  pulses  are  belt)/'  radiated  from  a  1.10  meter  vortical, 
antenna,  also  at  Thule.  Mix*  MV1/1W  ionosoundlnp)  xil^iui In  are  belnp;  received  10b  km  from  MhuLe,  In  tjoiuui, 
(Jreeuhirid,  which  Is  Located  in  an  almost  exactly  broadside  direction  from  the  TK  jx>wer.line  antenna. 

Mhe  M'F/fM  lonoanundluf?  livuisml salon:1,  consist  of  a  series  of  extremely  .short  (approximately  100  sec 
pulses,  precisely  control  hxl  In  time.  At  U«*  recelvlnp;  s1t<*,  orthogonal  loop  antennas  are  used  to 
separate  Uie  two  |x Raul /.a lion  components  of  the  lotiuspherleal  l.y  reflected  sky-wave  signals.  The  two 
syst.'His  use  different  jxilr.e  re|>nt1.tLon  rales,  so  Uiat  the  'J.V/LW  reflectivl ty  data  can  be  inde|Kindentl,v 
processed  and  analyzed.  A  sample  of  the  data.  belli#  obtained  wi  th  the  MW  ionosoui  id  1  n#  system  is  shown 
In  Figure  1,7a.  Mhe  three-dimensional  display  shown  there  consists  of  data  that  have*  been  uvnm#sd  Into 
thirty  ml rute  time  blocks,  and  placed  niie-behlnd-the-ollicr  eoverhir.  a  i.wo  week  period.  Much  Individual 
record  consists  of  tin*  receives  wonndwave  puhu?  followed  b.y  the  lotitKijilKUd ca  1  l.y  rid’lected  MW  skywave 
signal*  Mlii?  I ior Lx.onl.u I  scale  Is  linear  In  time,  measured  from  tb<?  start  of  the  /'soundwave,  ,rui<l  the 
wavefonus  represent  tiie  histarii,.*uieoiis  wave  iuuplltmle  as  a  function  of  tdme.  Kst hiyites  of  effictlve 
heights  of  rel’leedden  can  he  ohtaliK.ui  from  < consideration  of  the  relative  times  of  arrival  of  the  wi ‘mind- 
wave  (Uhl  skywave  rxilsea,  and  the  (>;eometi7  of  the  experiment.  I'M.Kure  IPa  shows  data  obtaliietl  und(?r 
nonikal  lo(K)S})lierl.<‘.  conditions  In  May  Id 77,  when  the  sun  war.  always  alx>ve  the  horizon.  Mho  data  «.-xlil bl  i# 
a  dLunvil  ixLtteivi;  at,  mid-day  the  effective  height  of  reflection  was  about  Y‘)  km,  and  at  hjeal  inMnl^it 
the  effect  1.ve  lielirJit  was  alxmt  Hb  km.  Mkuiv  lPh  shows  data  l,sken  In  May  V)'(U  durltiK,  a  perlexi  in  which 
then*  was  a  (mlur  cap  ahsoriiflou  <?vout.  M'he  iiffocts  of  the  event  show  up  drvimatlcal  ly  In  the  three- 
dimensional  display  of  the  Ph'ure.  Within  a  few  minutes  of  the  onset  of  the  event,  tin?  effective 
height  of  the  Ionosphere  dropped  imn'e  tliau  PC)  km,  to  Ik>Iow  bl)  km  altitude,  and  for  Uie  next  few  d.iyr. 
the  data  did  not  <.*xidhlt  dlunuai  features.  It  btxik  abiKist  a  week  for  f  e  ltjnosph<*re  to  recover  to  noimal 
conditions,  and  there  was  a  period  during;  that  iv-eovery,  atartlrif?  sUujt  thret;  days  Into  l.he  <*vi?nt,  In 
which  the  skywave  pulses  were  extivarndy  weak.  It  Is  Imjxn'tant  to  note  that  otlie)*  |k>  1  m *  disturbance 
<lata,  ol)taliu*d  unde)'  different  sola)’  1 1  luiuhtatloii  condl  tlons,  <ilr.pl.'iye<|  sl.rU Inf.ly  d  1  IM’iuvrit  feat;ures, 
Including;  marked  dhuivil  v.arlatlorij). 

Pl/^S'c  11  Is  ah  cx;uiiple  of  the  i'ffects  of  ;i  PDA  on  pulses  from  the  HAD*)  MW  tivinsml tier  ami  th  M'K 
(|x)Werl  1  rie)  I, ran;  mil  t  l.er,  tv ’coaled  Independently  durliv?  a  perloil  in  April  l.hdO  in  which  a  very  wivilt  pola)' 
cap  ahr.or))l  don  event  occurred.  Mix*  MM  dal.a  Is  similar  to  that  of  Figure  IP,  l.e. ,  It,  shows,  received 
MW  tfroundwnvi'  mid  skywave  pi  lues.  Mix:  TK  <lat.a  consist  essentially  only  of  skywave  pulses,  since  the 
powerlhie  antenna  was  almost  hiviadalde  to  tlx*  rv*i*<»1v1UK  location.  Mhe  data  s.hown  hi  flit*  Fir, urn  !s  for 
a  POA  that,  heran  ar*(Hin<|  local  noon  on  ^1  Aprl  I.  At;  that/  flute  the  ref  lent  I  on  lielr.hf  <>f  the  hjuosjjhere 
dropp< •<!  from  about  Mb  km  to  bb  km.  Mhroii/'Jiout  the  ev<?uf  Uie  I'efhietlon  heights  for  flu?  two  polari/.a- 
tlons  Wc*re  efl  actively  the  s.;uik*,  hut.  the  relative  ;unp  I  1  t.lKle  effects  on  the  two  po  lari  '/at  ions.  Were  quite 
different,  hi  re.uerul,  Uh?  TK  amplitudes  were  much  more  drastically  affected  by  tlx*  event,  the  ;unpl  I tudes 
off.  Ml  helnr  barely  <Msccm1hle.  M'he  corivjsjxjrxlln/?  MM  .‘imp  1  I  tildes  wei’e  less  l)v\x\  tiiost?  observed  before 
and  after  Uie  ev<*nt,  but  they  were  n<)t  reduced  nearly  as  much  as  the  M'K  amp)  l tildes.  Other  'I'K/IM 
Ionospheric  dlsturlmncf*  ilata  that  have  boon  recorded  at  Thule  consistently  have  shown  this  trend  also. 
Whether  this  Is  due  to  the  particular,  near  vortical  Incidence,  auimdlnp;  p;rnmotry  of  the  HADC 
experiments  In  fir<?enb’ind,  or  wlietlx*)*  the  :wune  r<?latlv<!  el'l’ecfs  wouhl  be  seen  at  more  f'ss/,  Itgr  Incidence 
stifles.  Is  riot  know  st  this  tinxi.  KADO  la  plannln/1;  \<>  conduc'd,  ether,  loiter  path,  TK/'LW  exjxMdments 
durlni;  ITJAhs  to  adih’cas  such  cju<*stlons. 

MAIK)  will  he  corithiuliif?  Its  ju'ides  of  nxiket  probe  cxpadineiif;;  to  ivicoivl  M'l'/IM  sljyuih;  from  a 
variety  of  tfrm  md-hased  and  all'hoi"'’  I.  tvmand  tters.  TIx?se  exp('rimerd.r>  will  he  similar  to  Uie  lich'lit- 
P)I1  In  studies  discussed  carl  lor,  Iml.  the  rocket  p)*obes  (M'K/IW  )>ecelvers)  will  be  launched  at  Mhulr  Air  lVis< 
to  ohsei'vi?  r.lppials  that  have  pro|iS(7il#ed  1  ‘r*» xu  ml <1-1  a  1.1  tudes  to  liltfh- latitudes,  ,'lfxix'  of  these  propa- 
/'aflon  paths  will  he  over  |xx>rly  conduct  1  iij/  iiarth  (1()  ^  1()_-Uiiho:s/ni)  so  that,  the  relaldve  effects  of 
/'round  conductivity  on  the  M'l'/IM  waves  c;ui  be  ussessed.  M’he  rocket  prolu?  experlnmnl .  will  h<»  con- 
du<:te<|  to  obtain  data  under  both  day  and  tiljdif  ■'unblent  coikII tlons,  and  uiider1  dlsturln  «l  (PDA)  loiiosplu’rlt* 
cnnillflons.  Mlje  <lata  ITvjm  these  studies  will  he  used  to  defemiliie  the  Peas  1  hi  I  I  ty/d<’s  I  rabl  I  l.ty  of 
exf<?n<Mri/'  Inn/'  wave  air-to-air  ooniuun  1  cat  1  on  links  to  Include*  mld-fo-hli'h  latitude*  paths,  as  we!  I  as 
present  mid-latitude  paths.  Another  Important  aspect  of  these  studies  Is  to  measure  the  M’K  fields  at 
hl/'li  altltudf.*,  produ(?(!il  hy  |xilarl‘/.st.lori  conversion  of  the  ::l|'t»als  frixn  /'jrouix l-hssed  MM  ti'.sn.imi ffj'rs 
locstfxl  at  various  dlaUincos  from  MMiule.  This  flats  will  he  used  to  as: less  the  de/'ree  to  wiilch  //mund- 
hssi'd  MM  f  rsrisml  tters  »i  1 1  r  1  pi’oduce  usslile.  or  1nl.<*rfer  Iiik,  Til  sham  Is  at  aircraft  altitudes. 


7.  DISCUSSION 


The  studies  conducted  by  RADC  have  shown  tliat  Air  force  ARO-^6  trai.11nK-w.1ru  long  wave  antennas 
oxeLte  TE  fields  that  are  often  stronger  than  the  conventional  1W  fields  at  .lire raft  altitudes.  In 
addition,  the  studies  have  shown  that  the  atmospheric  noise  background  in  the  TE  po  Laid  nation  is 
significantly  less  than  In  the  TM  ijolarization ,  and  that  under  normal  ionospheric  conditions,  TIC  waves 
may  propagate  significantly  better  than  fEM  waves  for  jxiths  traversing,  large  areas  having  very  poor  surface 
conductivity*  Such  paths  are  often  encountered  on  Air  Force  mici-to-higji  latitude  couinunication  links. 
Present  air-to-air  caununication  links  use  the  1M  polarization  onLy;  it  is  anticipated  tliat  if  these 
links  exploited  the  TE  polarization  as  well ,  greater  communication  range  and  reliability  could  be 
ach Loved  for  the  same  transmitter  power.  Hi  order  to  fully  realize  these  potential  improvements  some 
equipment  changes,  and/or  operational  procedures  may  be  required,  for  example,  the  azimuthal  T'l  pattern 
of  a  tralling-wlre  Lranuiiiitter  la  a  figure-of-eight,  with  most  (if  the  power  going,  in  the  two  broadside 
directions.  Tills  may  require  sane  attention  to  orientation  of  flight  paths,  especially  at  the  longer 
ernijunication  ranges.  Also,  receiving  antennas  may  require  some  geometric  and/or  electric  compensation 
to  decouple  them  from  I’M  atmospheric  noioe  or  other  Interfering  signals.  Presently,  it  appears  tliat  tlie 
limiting  factor  iri  fully  exploiting,  the  TR/TM  polarizations  for  air-to-air  oartnunicatlons,  is  the  ori- 
Iward,  Internally  generated,  noise  from  the  aircrafts1  generators.  Until  this  severe  problem  is  ovor** 
come,  it  will  not  be  possible  to  fully  exploit  the  TE  polarization's  very  low  ambient  noise 
cl  lurac  terist  ic , 


The  relative  extent  to  which  TK/TM  conmuriicationu  are  degraded  under  disturbed  ionospheric 
conditions  '’aquiree  further  study.  The  efforts  to  date  indicate  tbit  TE  waves  may  suffer  mure 
attenuation  than  rJM  waves  under  stressed  ionospheric  conditions,  but  since  the  s ignal-to-noise  ratio, 

In  the  presence  of  [xwBlhlo  interfering  signals,  determines  useful  caununication  ranges,  all  tliese 
factors  must  be  taken  into  account  in  ass  sensing,  the  relative  merits  of  the  two  polarizations  in 
operational  scenarios,  further  studies  are  required  in  this  regard. 

The  intent  of  this  |.)aper  lias  been  to  describe  uiiecific  HADE  involvement  in  determining  the  rclatlvt.* 
characteristics  of  Tli/IM  waves  excited  by  airborne  transmitters.  As  such,  there  has  been  no  attempt  to 
Includo  discussions  of  very  excellent,  related,  efforts  undertaken  over  the  i>ost  few  years  by  a  number 
of  organizations  and  individuals  outside  of  HAPC.  The  authors  apologize  for  these  necessary  omissions. 
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FIGURE  2.  Swinging-loop  balloon  probe  experiment,  (a)  the  swinging 

loop,  (b)  expected  signal  variations,  (c)  experimental  data. 
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1.  Dart-probe  experiment.  (a)  the  probe,  (b)  observed  TE  transmitting  antenna 
pattern,  (c)  TE/TM  altitude  profiles. 


FIGURE  4.  TE/TM  signal  strengths  as  a  function 
of  distance,  U-2  experiment. 
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FIGURE  7.  Attenuation  rate  vs.  frequency  for 
lowest  three  TH  modes  (a=l,2,3)  and 
lowest  two  TE  modes  (  3=1,2):  ambient 
day,  ag=  10-3  mhos/m. 


FIGURE  5.  Excitation  factor  vs.  frequency  for 
lowest  three  TH  modes  («  =  1,2,3) 
and  lowest  two  TE  modes  (  G=  1,2): 
ambient  day,  1 0-3  mhos/m. 
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FIGURE  8.  Computed  TE/TH  relative  attenuation  rates 
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FIGURE  6.  Height-gain  factor  tor  lowest  three  TM 
modes  ( «= 1 ,2,3)  and  lowest  two  TE  modes 
(3=1,2):  40  kHz,  ambient  day, 

Og  =  10-3  mhos/m. 
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FIGURE  9.  Computed  TE/TM  signal  strengths  as  a  function  of  distance  and  aircraft  altitudes. 

(a)  ambient  ionospheric  conditions,  (b)  moderate  spread  debris  nuclear  environment. 


FIGURE  10.  Profiles  of  electric  field  strength 
at  several  distances  From  an  IIED 
transmitter  4.6  km  above  the  ground: 

20  kHz,  ambient  day,  o  =  10-3  nihos/m. 
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FIGURE  11.  Rocket-probe  TE/TM  height  gain 
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SUMMARY 


This  paper  presents  the  results  of  an  experimental  investigation  into  the  stability  of  VLP  signals  from  the 
GBR  (16  kHz)  transmitter  when  received  in  the  sea.  The  results  of  the  investigation  show  the  effect  of  a 
rough  soa  surface  on  these  signals.  The  measured  phase  and  amplitude  perturbations  on  the  signals  are 
very  small  when  received  above  the  sea  surface  or  in  the  sea  under  calm  conditions,  but  as  the  sea  surface 
roughness  increases  so  the  perturbations  on  the  signals  received  in  the  sea  increase  significantly.  The 
results  obtained  can  be  explained  by  a  simple  model  which  takes  into  account  the  variations  in  sea  path 
length  for  the  VLF  signals,  caused  by  sea  surface  waves  passing  over  the  receiving  aerial. 

1 .  INTRODUCTION 

It  is  ■'ll  known  that  radio  waves  in  the  VLP  and  lower  LF  bands  (3-150  kHz)  propagate  to  a  certain  extent 
into  sea.  However,  as  the  VLF/LF  signals  pass  through  the  air/sca  interface  and  propagate  into  the 
sea,  y  are  subject  to  phase  and  amplitude  perturbations.  These  perturbations  may  well  be  significant, 
and  have  to  bo  considered  in  future  developments  exploiting  VLF/LF  for  under  soa  communications  or  navi¬ 
gation. 

Theoretical  models  have  been  proposed  to  describe  the  magnitude  of  the  signal  perturbations  in  different 
sea  states.  There  has,  however,  been  little  direct  experimental  measurement  of  these  perturbations, 
although  extensive  experience  with  present  VLP/LP  systems  has  not  indicated  that  any  anomalous  effects 
exist. 

As  part  of  the  U/ASWE  communications  research  programme,  measurements  have  been  made  of  the  magnitude  of 
phase  and  amplitude  perturbation  on  the  16  kllz  transmission  from  the  GBR  transmitter  at  Rugby,  England, 
when  received  on  a  submerged  aerial  on  a  submarine,  These  measurements  arc  compared  with  similar  measure¬ 
ment!;  made  above  the  sea  surface.  The  trials  were  curried  out  in  early  1978,  and  the  results  are  presented 
in  this  paper. 

2.  PROPAGATION  OF  VLF  SIGNALS  IN  THE  SEA 


Above  the  sea  surface,  VLF  radio  waves  propagate  horizontally  with  a  nearly  vertical  E  field,  and  a 

horizontal  H  field  which  is  perpendicular  to  the  direction  of  propagation.  At  a  frequency  of  16  kHz,  the 

wavelength  in  free  space  is  18.75  km. 

The  relative  permeability  of  the  sea  is  the  same  as  for  air,  and  so  the  11  field  of  the  propagating  wave  is 
continuous  through  the  air-sea  interface.  However,  the  conductivity  of  the  sea  is  not  zero,  and  the 
relative  permittivity  is  much  greater  than  unity.  By  using  Maxwells  equations,  as  in  Figure  1,  it  can  be 
shown  that  a  VLF  signal  at  16  kHz  in  sea  water,  with  a  conductivity  of  4  siemens  and  relative  permittivity 
of  81,  has  a  wavelength  of  12.5  metres,  and  as  the  wave  propagates  through  the  water  it  is  attenuated  by 
4.3  ilB  per  metre  of  puthlength.  Hence  a  model  for  propagation  of  VLF  signals  into  the  sea  is  derived  in 
Figure  2,  which  shows  that  the  resultant  radio  wave  in  the  sea  propagates  downwards  almost  perpondicular  to 
the  sea  surface,  with  a  horizontal  E  field  in  space  quadrature  with  the  horizontal  H  field. 

In  practice,  this  means  that  the  VLF  signal  levels  at  the  terminals  of  a  small  receiving  loop  aerial  just 
above  and  just  below  the  sea  surface  will  bo  the  same.  As  the  aerial  is  moved  vertically  down  into  the 
sea,  the  signal  amplitude  will  be  decreased  by  4.3  dB,  and  the  phase  retarded  by  0,5  radians,  for  every 
metre  of  sea  path,  when  compared  with  the  signal  at  the  sea  surface. 

Conversely,  if  the  aerial  is  at  a  fixed  vertical  position  in  the  sen,  and  the  air-sea  interface  is 

perturbed  by  sea  surface  waves,  the  vertical  sea  path  between  the  sea  surface  and  the  aerial  will  vary  as 

sea  waves  pass  over  the  aerial.  It  is  to  be  expected  that  this  path  length  variation  will  cause  phase  and 
amplitude  variation  in  the  received  signal.  Since  it  is  possible  for  sea  surface  waves  to  have  peak  to 
trough  heights  of  several  metres,  the  perturbations  on  the  VLF  signals  may  be  significant, 

In  the  design  of  VLF  communication  and  navigation  systems  with  underwater  reception,  it  is  important  to 
know  not  only  the  maximum  variations  in  signal  strength  and  phase,  but  also  the  rates  of  change  of  those 
parameters.  These  rates  will  depend  on  the  period  and  height  of  the  sea  surface  waves  above  the  aerial, 
and  are  difficult  to  predict  in  detail.  Hence  a  field  trial  was  organised  for  early  1978  to  make  diroct 
measurements  on  the  16  kHz  component  of  the  Rugby  transmissions  received  in  the  sea.  From  these  measure¬ 
ments  statistics  on  the  phase  and  amplitude  perturbations  wore  obtained,  as  described  below. 

3 .  METHOD  OF  MAKING  MEASUREMENTS 

To  make  the  required  measurements  a  special  receiver  was  designed  and  built  in  ASWE  to  monitor  the  VLF 
transmission  from  Rugby.  Basically  the  receiver  system,  with  subsequent  calibration  and  analysis,  is 
capable  of  making  simultaneous  measurements  of  the  amplitude  and  phase  of  a  received  signal  at  16  kHz.  In 
the  submarine  installation  the  VLF  signals  were  received  on  a  crossed  loop  aerial  system  and  fed  through 
a  linear  amplifier  to  the  AG WE  receiver. 
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For  the  amplitude  measurements,  the  incoming  VLF  signals  were  filtered  in  the  receiver  to  enhance  the 
Rugby  16  kHz  signal  relative  to  other  VLF  signals,  and  the  radio  signal  was  recorded  directly  onto  one 
channel  of  a  4- channel  tape  recorder.  On  return  to  the  laboratory,  the  recordings  were  fed  into  a  detector 
which  gave  an  output,  voltage  level  directly  proportional  to  tho  recorded  16  kHz  signal  strength,  and  the 
whole  system  was  calibrated  using  a  front  end  attenuator. 

The  phase  measurements  were  made  by  comparing  the  incoming  16  kHz  signal  with  a  very  stable  locally 
generated  16  kHz  reference.  An  output  voltage  level  from  this  comparison  was  a  direct  measure  of  the 
relative  phase  of  the  incoming  signals  and  the  16  kHz  reference.  This  output  voltage  was  passed  through  a 
low  pass  filter  with  100  Hz  cut-off.  Simultaneous  quadrature  (sine  and  cosine)  phase  comparisons  were 
made,  and  recorded  on  two  FM  channels  of  the  tape  recorder  so  that  unambiguous  values  of  phase  change  could 
he  calculated  in  the  subsequent  analysis,  During  the  trials  Rugby  was  keyed  in  the  normal  FI  mode  ie 
2  tone  FSK  with  tones  at  16  kHz  and  15,95  kHz.  The  output  voltage  from  the  phase  comparator  was  thus 
constant,  or  only  slowly  varying,  when  the  16  kHz  component  of  the  Rugby  signal  was  present,  and  was  a 
50  Hz  sine  wave  when  tho  15,95  kHz  component  was  received.  The  50  Hz  component  was  removed  during  the 
subsequent  computer  analysis. 

In  the  receiver  design,  care  was  tukon  to  ensure  that  the  measured  phase  variations  were  not  caused  by 
amplitude  variations  in  tho  incoming  signal,  and  calibration  checks  showed  that  signal  phase  could  be 
measured  independent  of  signal  amplitude  over  an  input  signal  range  of  35  dBs.  This  dynamic  range  was 
found  to  be  sufficient  for  all  variations  experienced  in  a  given  location  and  mean  aerial  depth.  However, 
prior  to  making  measurements  at  a  given  location  and  aerial  depth,  a  front  end  signal  attenuator  was 
adjusted  to  ensure  that  the  signal  levels  wore  within  the  desired  working  range  of  the  ASWE  receiver. 

The  tape  recordings  of  signal  amplitude  and  phase  were  made,  as  described  above,  for  periods  of  15  minutes 
in  various  sea  states.  On  return  to  ASWE  the  recordings  wore  fed  through  a  specially  designed  interface 
to  a  computer  for  analysis. 

4.  RESULTS  AND  ANALYSIS 

4.1  Phase  Measurements 

Examples  of  the  output  from  the  phase  comparator  portion  of  the  ASWE  receiver  are  shown  in  Figures  3  to  7. 
The  examples  shown  arc  from  measurements  made  under  the  following  conditions: 
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Each  figure  shows  the  output  from  the  sine  and  cosine  channels  with  the  50  Hz  component  removed  by  computer 
analysis . 

When  receiving  the  signal  above  the  sea  surface  on  the  submarine,  (Figure  3),  there  are  small  short  term 
fluctuations  at  the  signal  phase. 

There  is  also,  however,  u  slow  variation  of  approximately  10  3  Hz  superimposed  on  the  output.  This  is 
attributed  to  the  difference  in  absolute  frequency  of  the  standard  at  the  Rugby  transmitter  and  the  local 

reference  (approximately  1  part  in  107) ,  The  f  equency  of  the  slow  variation  is  two  orders  of  magnitude 
less  than  the  perturbation  effects  being  studied,  and  was  removed  by  computer  calculation  prior  to  the 
analysis  of  the  results. 

Inspection  of  the  results  shown  in  Figures  1  to  7  shows  that  passage  <>f  VLF  signals  through  tho  air-sea 
interface  for  reception  in  tho  sea  does  introduce  phase  perturbation  on  the  signals.  As  the  sea  becomes 
rougher  so  these  effects  become  more  pronounced. 

4.2  Analysis  of  Phase  Measurements 

Both  the  maximum  phase  change  and  the  rate  of  phase  change  of  the  signal  perturbations  are  important 
parameters,  To  display  both  parameters  simultaneously  in  graphical  form,  analysis  was  carried  out  to 
provide  statistics  on  the  magnitude  of  phase  changes  in  given  time  intervals.  The  phase  changes  over  a 
given  time  period  were  measured  and  for  a  given  sea  state,  plots  were  made  of  the  cumulative  probability 
distribution  of  these  phase  changes  for  each  of  the  sample  intervals.  It  was  found  that  these  distribu¬ 
tions  can  be  described,  to  a  good  approximation,  by  Gaussian  probability  distribution  functions.  As  an 
example  of  this.  Figure  8  shows  the  cumulative  probability  distributions  of  phase  changes  over  sample 
intervals  from  1  to  8  seconds  in  Sea  State  5/6.  Superimposed  on  each  diagram  is  the  Gaussian  distribution 
curve  taking  a  standard  deviation  value  in  each  case  which  gives  the  best  fit.  Tn  many  cuses  the  two 
curves  are  indistinguishable. 

Using  the  Gaussian  statistics  model,  tho  measurements  in  all  sea  states  and  above  the  sea  are  summarised 
in  Figure  9,  which  shows  the  standard  deviations  for  phase  changes  plrt  £cd  against  sample  intervals  for 
sample  intervals  from  1  to  60  seconds. 

From  this  figure,  it  is  seen  that  when  the  16  kHz  transmission  from  Rugby  is  received  above  1  the 

phase  perturbations  are  very  small.  The  standard  deviation  is  less  than  4°  for  any  sample  interval. 
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Once  reception  takes  place  under  the  soa  surface  more  pronounced  perturbations  ore  observed  on  the  signals. 
The  perturbations  increase  significantly  with  increasing  sea  state.  For  oxample,  for  Sou  States  S/6  the 
standard  deviation  for  perturbations  over,  say  a  55  second  sample  interval  approaches  40°. 

An  interesting  feature  of  the  results  in  Figure  9 ,  is  that  for  a  given  scu  state  the  observed  standard 
deviation  of  phase  changes  have  minimum  values  at  certain  sample  intervals.  For  example  in  the  Sea 
State  S/6  these  minima  occui'  at  multiples  of  10  seconds,  whilst  for  Sea  State  4/5  they  occur  at  multiples 
of  8  seconds,  and  for  Son  States  2  and  3  at  multiples  of  4-5  seconds. 

These  minima  are  attributed  to  tho  natural  period  of  the  sou  waves  for  the  given  sea  states.  The  minimum 
in  phase  change  can  be  expected  when  samples  are  taken  at  multiples  of  a  wave  period  of  the  sea  surface 
waves.  It  is  interesting  ihat  these  effects  are  so  pronounced  and  are  correlated  over  several  wave  periods, 

4.3  Amplitude  Measurements 

As  described  above,  recordings  of  amplitude  fluctuations  wore  made  simultaneously  with  the  phase  measure¬ 
ments.  Kiguro  10  shows,  as  an  example,  the  amplitude  variations  in  tho  received  signal  level,  observed 
over  a  10  minute  period  for  reception  in  the  sea  in  the  Sea  State  5/6  conditions. 

Similar  amplitude  recordings  were  made  for  all  different  sou  stuto  conditions.  For  signals  received  above 
the  sou  surface  the  amplitude  variations  woic  within  +  1  dB,  and,  in  a  manner  similar  to  the  phase  pertur¬ 
bation  jffeets,  when  signals  were  received  in  the  sou7  the  amplitude  fluctuations  increased  in  magnitude 
with  increasing  sea  surface  roughness. 

4.4  Analysis  of  Amplitude  Measurements 

To  analyse  the  amplitude  perturbations,  rather  than  repeat  all  the  analysis  as  carried  out  for  the  phase 
perturbations,  it  was  decided  to  see  whether  there  was  any  correlation  between  the  amplitude  and  phase 
perturbations . 

This  was  done  by  producing  scatter  diagrams  of  tlui  values  of  amplitude  changes  against  the  simultaneous 
values  of  phase  changes  over  given  sample  intervals.  The  resultant  scatter  diagrams  for  Sea  Slate  5/6 
conditions  are  shown  in  Figure  11. 

Tile  solid  line  drawn  in  ouch  figure  represents  the  slope  of  4.3  dlls  per  0,5  radians  (ie  the  expected 
amplitude  and  phase  changes  at  16  kllz  for  1  metre  of  sea  path).  The  correlation  coefficients  range  from 
0.77  for  L  second  sample  intfivuls  1o  0.97  for  the  4  second  case. 

In  view  ol‘  the  high  degree  of  correlation  between  the  amplitude  and  phase  perturbations  it  is  inferred  that 
the  amplitude  perturbations  can  be  described  by  similar  statistics  to  those  which  describe  the  phase 
perturbations . 

Also  this  high  degree  of  correlation,  with  approximate  slope  of  4.5  dBs  per  0.5  radians,  is  taken  as 
substantiation  of  the  simple  concept  that  the  phase  and  amplitude  perturbations  superimposed  in  VLI*  signals 
received  In  the  sea,  are  caused  by  the  variations  in  signal  path  length  in  the  sea,  as  sea  surface  waves 
pass  over  thu  receiving  aerial, 

5 ,  CONCLUSIONS 

A  soriof  of  sea  trials  has  been  carried  out:  to  investigate  whether  pevturbat  ions  are  superimposed  on  VI. F 
signals  as  they  pass  through  tho  air-son  interface  to  be  received  on  submerged  aerials. 

It  was  found  that  significant  phase  and  amplitude  perturbations  are  indeed  impressed  on  the  It)  kllz  trans¬ 
mission  from  the  Uugby  transmitter  when  received  in  tho  sea.  The  magnitude  of  the  perturbations  increases 
with  increasing  sea  surface  roughness. 

The  perturbations  are  attributed  to  the  varying  distance  traversed  by  the  radio  signals  in  the  sea,  as  the 
sea  surface  waves  pass  over  the  aerial. 

There  is  a  high  degree  of  correlation  between  the  amplitude  and  phase  perturbations.  The  expected  relation¬ 
ship  of  4.3  dB  amplitude  change  for  0.5  radians  phase  change  for  16  kllz  radio  waves  is  well  substantiated. 

The  phase  and  amplitude  perturbations  on  VLF  signals  due  to  the  sea  surface  roughness  can  be  described,  to 
a  good  approximation,  by  (laussiar.  probability  distribution  functions. 

Tilery  is  some  correlation  between  the  magnitude  of  tho  signal  perturbations  over  given  time  intervals  and 
the  sea  wave  period.  The  standard  deviations  of  the  perturbations  are  markedly  less  for  intervals  between 
samples  which  are  multiples  of  tho  sun  wave  period. 


20-4 


1 


MAXWELLS  EQUATIONS  PREDICT  EM  WAVE  PROPAGATION 
OF  THE  FORM 

(jwt-Mx) 

Hz  =  H0c  IN  THE  x  DIRECTION 

WHERE  K  =PMojw  iftojw+a) 


IN  THE  SEA,  AT  LOW  FREQUENCIES  <r»/w{/ 

AND  SO  WHERE  «=  / wnn0v'' 

HENCE  WAVE  EQUATION  SOLUTION  FOR  IN  THE  SEA 
PROPAGATION  IS 


'N 


ATTENUATION  PHASE 


.  An 


AT  16  kHz 


«  3  0  5  (ASSUMING  crn4  SIEMENS) 

, .  ATTENUATION  =  0'S  NEPERS/  M  =  4  3dB/M 
AND  PHASE  VARIATION  =0  5  RADIANS/M 

(WAVE  LENGTH  =12  5  Ml 


I'M  (JUKE  1  -  m  WA'ili  I’UOI’AUATION  IN  Till'!  ISMA 


IN  AIR 


WAVELENGTH  =12- 5  m 
ATTENUATION  =  4-3  dD/m 

KI (JUKI':  ?  _  PROPAGATION  Ob'  10  IcHts  VIJ)'  MICNAI.M  INTO  tiik  nka 


r 

(I 

t; 


I 

:  I 


4 


H3UHK  R 


Cl'DK  OK  PIIA;1K  OHAMJK:;  OVK){  orVKM  IJAMI'liK  I  N'PKNVAl. 


inuuwc  11 


C0UHKLAT1UN  HK'l'MKI'U  MlAiiU  ANN  AMI’bVI'tIUK  VAHTATlONij  ON  1(1  Wll* 

uional:;  in  oka  -  :;ka  ijta'j'n;  ',/r> 


ATMOSPHERIC  VLF  RADIO  NOISE  AT  ELEVATED  RECEIVERS: 
HORIZONTAL,  AND  VERTICAL  POLARIZATION 

i>y 

F.J. Kelly 

E.O.llulburt  Center  for  Space  Research 
Ionospheric  Effects  Branch 
Space  Science  Division 
Naval  Research  1  aboratory 
Washington,  D.C.  20375,  US 

and 

.LP. Hauser  and  F.J. Rhoads 
Information  Technology  Division 
Naval  Research  Laboratory 
Washington,  D.C.  20375,  US 


INTRODUCTION 

The  communication  effectiveness  of  am  radio  circuit  or  link  strongly  depends  on  the  signal-to- 
noise  ratio  in  the  receiver.  At  very  low  frequencies  the  propagated  radio  noise  generated  w y  lightning 
discharges,  iclerred  to  as  atmospheric  radio  noise,  is  frequently  lire  dominant  system  noise. 

Many  workers  have  studied  iilmosohcric  radio  noise  [1-71.  In  particular.  Kef,  3  deerihes  a  com¬ 
puter  model  which  predicts  the  atmospheric  radio  noise  generated  by  thundeistoi ms  in  all  legions  of 
Ore  world  and  then  calculates  the  propagation  of  the  noise  n>  a  receiver  at  any  point  on  the  earth's  sur¬ 
face.  By  performing  this  computation  over  a  gr  id  of  receiver  locations,  a  map  of  (he  intensity  ol  aunos 
pheric  radio  noise  can  be  generated  I S 1  similar  to  those  given  in  Ref.  1.  However,  us  with  most  work  in 
this  field,  only  the  vertical  electric  component  of  the  noise  is  calculated. 

In  recent  years  in'  rest  litis  grown  in  (lie  use  of  horizontal  electric  polarized  waves  for  high- 
altitude  air-to-air  cninntiiniention.  This  polarization  should  be  advantageous,  because  it  is  operationally 
easier  for  a  high-speed  high -altitude  jet  aiietafi  to  nail  a  horizontal  long  wire  anunna.  which  pieferen- 
tially  excites  transverse  eleetic  radio  waves  and  because  the  vertically  polarized  lightning  strokes  are 
thought  to  be  less  efleclivc  in  generating  horizontally  polarized  noises  Therefore,  a  requirement  exists 
to  he  able  to  accurately  predict  these  noise  levels 

The  theoretical  and  experimental  cflects  associated  with  horizontally  polarized  VLB-wave 
transmission  and  reception  have  been  treated  by  several  authors  [9  13],  Also,  the  use  of  airborne,  hor¬ 
izontally  polarized  transmitting  and  receiving  antennas  lor  communications  at  VI. 1  lias  been  discussed 
several  times  [14-17],  The  WAVECiUll)  computer  program  [111  contains  the  algorithms  necessary  to 
compute  all  the  electric  and  magnetic  components  of  a  propagating  electromagnetic  wave  in  a  given 
waveguide  mode  at  any  height  above  the  ground,  if  the  vertical  electric  component  oT  the  wave  at  the 
ground  is  known.  The  COMl’W'R  and  NOISLAN  ptogiams  produced  by  the  Wcstinphmtse 
(ieotcsearch  Laboratory  (WGL)  [3 ]  calculate  the  amplitudes  of  the  vertical  electric  VI  I  noise  in  the 
three  dominent  quasi- transverse-magnetic  (quasi  TMI  waveguide  modes  liom  each  equivalent  atmos¬ 
pheric  noise  source.  By  combining  these  ptogiams,  NKI  has  now  developed  a  wot  king  contpmer- 
piogi.mi  model  foi  predicting  the  hoti/nnlally  and  vertically  polarized  atmospheric  noise  at  any  location, 
season,  tune  of  day.  and  altitude,  fins  noise  piogiam  should  assist  in  the  picdiction  of  system  petfou 
niancc. 

THE  PROCRAMS  T  HA  I  IOIIM  MIL  NOISI  -  PR  1.1)1  (  TTN(,  MODI  ! 

Refetcnccs  3  and  11  give  complete  desci  iplions  of  the  ( UMI’WIt,  NOISI  AN.  and  WAVK  >1  III) 
progtams  The  following  subsections  briiTlv  describe  the  features  ol  each  piogiam  essential  to  the  new 
piogiam. 


Description  of  t'OMI’WR  and  NOISLAN 


The  atmosphe  -e-noise  model  is  built  on  thunderstorm-day  data,  from  which  vertical  electrical 
noise  intensity  ts  d.  .vcd.  The  thunderstorm-day  is  a  weather  statistic  which  gives  over  a  30-day  inter¬ 
val  the  number  of  days  during  which  at  least  one  thunderstorm  occurred  in  the  vicinity  of  the  observa¬ 
tion  site  The  data  bise  used  by  the  program  represents  observations  collected  over  several  decades  and 
at  thousands  of  lor-.hons  In  addition  the  model  uses  data  on  the  diurnal  variation  and  variability  of 
thunderstorm  occurrences.  Algorithms  concert  thunderstorm  days  into  the  number  and  type  of  lightn¬ 
ing  discharges  per  unit  area  on  the  earth's  surface.  Also,  the  current  moments,  waveforms,  and  power 
spectral  densities  of  the  pulses  are  calculated.  The  resultant  source  powers  are  combined  into 
equivalent  noise  rtr.msntitterf  representing  5°  by  5‘  areas  of  the  earth’s  surface.  These  5°  by  5C  areas 
are  further  combined  into  15’  by  15‘  areas.  The  program  decides,  based  on  the  proximity  and  power  of 
the  ei|ui\alent  noise  transmitters,  whether  in  use  5‘  by  5C  or  15°  be  15‘  areas  in  the  final  computations. 


After  COMl'WR  establishes  the  location,  power,  and  standard  deviation  of  the  power  for  each 
equivalent  noise  transmitter,  the  NOISLAN  program  then  computes  the  tesulant  vertical  electric  field  at 
the  specified  receiver  location  usiim  the  propagation  ecation 
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where 


£■„'(’ (0)  is  the  vertical  electric  component  of  the  atmospheric  noise  contribution  of  the  rth  noise 
source  in  the  nth  waveguide  mode  at  the  surface  of  the  waveguide,  in  volts  per  meter, 

A'  is  a  normalizing  constant  equal  to  1.58  x  10‘  , 

P,u>  is  the  vertical  effective  radiated  power  (VBRP)  of  the  rth  equivalent  noise  transmitter 

in  watts, 

Ad1/  is  the  excitation  factor  of  the  mh  waveguide  mode  at  the  rth  transmitter  locations. 

A*  is  the  excitation  factor  of  the  nth  waveguide  mode  a'  the  receiver  location, 

/  is  the  frequency  in  hertz, 

h,u)  and  h,  are  the  elective  ionospheric  heights  in  meters  at  the  rth  transmitter  and  at  the  receiver 
respectively, 

a  is  the  earth’s  radius  in  meters, 

d,l]  is  the  path  lergth  from  the  rth  transmitter  to  the  receiver  in  meters. 


and 

a*'1  is  the  effective  attenuation  rate  in  decibels  per  megameter  (1000  km)  for  the 

nth  mode  from  the  rth  transmitter. 


The  effective  attenuation  rate  is  computed  from  the  combination  of  several  attenuation  terms  as 
follows: 


*  -  mu]  k„  +  kr  i +  M"  i  "  -i 
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In  Eq.  (2),  M{,)  is  a  directional  factor  and  is  given  by 

Mu)  -  1  ~  k  sin 
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where  is  the  di'ection  of  propagation  of  the  wave  from  the  rth  transmitter  with  respect  to  geo¬ 
graphic  north  and  k  is  given  by 


A  =  <104//)'  A'10UJ,  w 
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in  which 

0  is  the  colatitude  of  the  receiver  in  degrees, 

f  is  the  frequency  in  hertz, 

A'lokhj  is  a  constant  that  for  wesl-io-east  propagation  equals  0.68  during  the  day  and  0.70  at  night 
and  for  east-to-west  propagation  equals  1.10  during  the  day  and  2.00  at  night, 

and 

/3  is  a  constant  that  equals  0.04  during  the  day  and  0.03  at  night. 

Also  in  Eq.  (2),  a0„  is  the  attenuation  rale  (day  or  night)  of  the  nth-order  mode  over  seawater 

for  the  isotropic  case.  A is  the  differential  ionospheric  attenuation  rate  in  effect  for  the  incremental 
distance  A dt  along  the  path,  Aa^.  is  the  differential  ground  attenuation  rate  due  to  ground  conductivi¬ 
ties  other  than  seawater,  and  A dk  is  the  distance  segment  of  the  propagation  path  within  a  given  con¬ 
ductivity  area.  The  differential  ionospheric  attenuation  term  is  obtained  from 

Aj/'i  -  f\2A  cos30,  +  fi(sin  lx/1)  sin2©/] .  (5) 

where 

6 1  is  the  colatitude  of  the  Ah  segment  of  the  propagation  path  in  degrees, 

Xi  is  the  solar  zenith  angle  of  the  Ah  segment  of  the  propagation  path. 

A  equals  2.2  x  10~-  dB/Mm-Hz, 

and 

B  equals  2.8  x  10“'  dB/Mm-Hz 

The  values  in  Eq  (2)  for  A  a£'i„  are  ‘.he  differences  between  the  attenuation  rate  of  seawater  for  the 
isotropic  case  and  the  attenuation  rates  for  the  lower  ground  conductivities  as  stated  in  the  equa¬ 
tion 

Ac* f/ *  „  —  Of,1  \  „  -  a„„. 

where  values  of  a£'*„  andaen  are  those  given  by  Wail  and  Spies  1 1 8]  for  h  -  70  km  and  )3  -  0.3  km  1 
for  day  and  h  -  90  km  and  /3  -  0.5  km"1  for  night  with  II  -  0  (with  their  parameter  P  not  being  the 
same  as  the  parameter  p  in  Eq.  (4)).  However,  Ref.  18  is  incomplete,  because  no  theoretical  data  were 
obtained  for  some  of  the  lower  values  of  ground  conductivity  for  the  second-order  and  third-order 
modes.  When  the  theoretical  data  were  not  available,  the  authors  of  the  NOISLAN  program  appear  to 
have  extrapolated  data  according  to  an  unspecified  procedure.  The  values  of  A dk  are  computed  from  4 
digitized  version  [3,  pp.  4-19]  of  a  map  of  VLF  ground  conductivity  developed  for  NRL  by  Morgan 
119], 


The  field-strength  contributions  from  each  transmitter  and  each  mode  are  then  summed  in  an 
RMS  manner,  thus  giving  the  vertical  electric  field  strength  £.(0)  of  the  noise  at  the  ground  for  a 
specific  hour  of  the  day,  month,  location,  and  frequency: 
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(6) 


NOISLaN  also  computes  the  standard  deviation  of  the  noise  cr„  and  the  voltage  deviation  Vd  How¬ 
ever,  a  discussion  of  these  two  parameters  is  not  pertinent  to  this  report. 


Additi  Options  for  COMPWR  and  NOISLAN 


Two  options  have  been  added  to  the  WGL  model.  The  first  involves  a  change  in  the  part  of  the 
WGL  model  contained  in  program  COMPWR  The  original  version  of  COMPWR  has  been  designated 


as  option  1  of  the  COMPWR  program,  and  the  modification  to  be  described  has  been  designated  as 
option  II.  COMPWR  computes  the  average  vertical  effective  radiated  power  (VERP)  and  the  standard 
deviation  of  the  VERP  for  each  equivalent  noise  transmitter  for  each  month  of  the  year.  COMPWR 
then  multiplies  the  average  VERP  by  a  diurnal  modifier  to  give  the  VERP  for  each  hour  of  the  day. 
Option  II  involves  changes  to  the  diurnal  modifiers  as  well  as  inclusion  of  an  additional  set  of  modifiers 
to  adjust  the  average  VF.RP.  These  changes  were  developed  empirically  [ 20 , 2 1 1 . 

Another  option  ha*  been  added  in  the  form  of  a  modification  to  the  NOISLAN  program.  The  ori¬ 
ginal  version  of  NOISLAN  has  been  designated  as  option  I,  and  the  new  modification  has  been  desig¬ 
nated  as  option  II.  The  modification  involves  the  terms  A and  A ^7  from  Eq.  (1)  and  o0„  and 
from  Eq.  (2).  In  option  1  of  the  NOISLAN  program  the  values  for  these  terms  are  those  given 
by  Walt  [22],  who  in  turn  derived  the  values  from  the  work  of  Wait  and  Spies  [18].  However,  the 
computer  program  used  to  generate  the  data  of  Ref.  18  (in  many  cases)  could  find  no  solution  for  the 
second-order  and  third-order  modes,  especially  for  the  lower  values  of  ground  conductivity.  Further, 
the  accuracy  of  Wait's  second-order-mode  and  third-order-mode  roots  has  been  questioned  by  Pappert 
et  al  [23],  Because  of  these  problems,  it  was  decided  to  recompute  the  appropriate  mode  parameters 
using  the  WAVEGUID  program.  These  parameters  were  then  used  to  compute  the  aforementioned 
terms  from  Eqs.  (1)  and  (2).  The  values  of  the  propagation  parameters  computed  from  the 
WAVEGUID  program  agreed  with  the  values  used  in  the  NOISLAN  program  for  the  first-order  mode, 
but  disagreed  (as  noted  by  Pappert  [23])  for  the  second-order  and  third-order  modes  Since  the 
second-order  and  third-order  modes  often  carry  more  horizontally  polarized  energy  than  does  the  first- 
order  mode,  accurate  computation  of  the  higher  order  modes  is  important  in  the  prediction  of  high- 
altitude  atmospheric  radio  noise.  The  WAVEGUID  mode-parameter  solutions  are  believed  to  be  more 
accurate  than  those  of  Refs  18  and  22.  Option  II,  therefore,  has  been  included  in  NOISLAN  to  use 
the  newly  calculated  parameters.  Also  there  has  been  interest  in  extending  the  VI. F  atmospheric  noise 
model  upward  in  frequency  to  cover  the  lower  end  of  the  LF  spectrum  (30  to  60  kHz).  This  extension 
would  not  be  possible  using  the  results  of  Refs  18  and  22  but  would  be  possible  by  use  of  the 
WAVEGUID  program 

Description  of  WAVEGUID 

The  WAVEGUID  computer  program  was  originally  developed  at  the  Naval  Electronics  Laboratory 
Center  to  predict  the  vertical  electric  field  received  at  a  point  on  the  earth's  surface  produced  by  a  verti¬ 
cal  electric  transmitting  antenna  at  another  point  on  the  earth's  surface.  It  was  later  extended  to  give 
the  ei osspolarized  (horizontal)  components  of  the  field  at  any  height  in  the  earth-ionosphere  waveguide 
and  even  in  the  ionosphere  itself  111,  24,  25],  The  basic  formulation  of  the  equations  for  the  fields  are 
given  in  Ref.  13.  The  net  resultant  vertical  electric  field  at  the  earth’s  surface  is  represented  as  a  sum¬ 
mation  of  waveguide-mode  fields: 

E.(0)  -  -Mr1  Ms  -v  f  ylsin,/2  S„  A„  exp(/7r/4  +  ik(lds\ntin)].  (7) 

■Jdkh  v  simo/o)  ~ 

is  the  eigenangle  of  the  nth  waveguide  mode, 

is  the  dipole  moment  (ampere-meter)  of  the  vertical  antenna  located  on  the  earth's  sur¬ 
face, 

is  the  excitation  factor  of  the  nth  waveguide  mode, 
is  the  radius  of  the  earth, 

is  the  great-circle  distance  between  the  transmitter  arid  the  receiver, 
is  the  reference  height  of  the  ionosphere  (used  in  the  definition  of  A„), 

—  oa/r  is  the  free-space  propagation  constant  of  the  wave, 
is  the  wavelength  of  the  wave. 


where 
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and 


M-o  and  t0 


are  the  magnetic  permeability  and  dielectric  constant  of  free  space. 
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Each  waveguide  mode  is  characterized  by  its  own  value  of  attenuation  rate  a„  and  phase  velocity 
»>",  which  are  related  to  the  cigcnangle  of  the  rth  waveguide  mode0„  according  to 

a,  —  0.02895  in  Im (sin  8 „)  (8) 

and 


\<  n  mm - - - 

p  Re  (sin  6 

where  a  „  is  measured  in  decibels  per  1000  km  (dB/Mm)  and  c  is  the  speed  of  light. 


(9) 


The  values  of  the  waveguide-mode  eigenangles  depend  on  the  reflection  coefficients  of  the  ground 
and  the  ionosphere.  Because  of  its  anisotropy,  the  ionosphere  has  four  reflection  coefficients 
i  £■  (0„),  (6„),  and  1  R i,(9„)  for  a  given  angle  of  incidence  6r.  The  ground  is  assumed  to  be  isotro¬ 
pic  and  to  have  reflection  coefficients  M /? ,,  ,  and  L  ((/„,,  w  hich  are  calculable  from  the  eigenangle, 

ground  conductivity,  and  dielectric  constant.  The  WAVEGUID  program  uses  a  procedure  for  calculat¬ 
ing  the  ground  and  ionospheric  reflection  coefficients  referenced  to  any  height  i  in  the  waveguide. 
References  26,  27,  and  28  discuss  the  reflection  coefficients  further.  The  eigenangle  V„  for  a  given 
waveguide  mode  is  obtained  by  satisfying  the  mode  equation 


,i  £„(fl  J 

0 

i  o] 

0- 

0 

0  lj 

This  matrix  equation  is  simply  rewritten 

£<#«)  -  „«,-!)  IR,  -1)  -  0.  (11) 


where  thi  dependence  of  the  reflection  coefficient  on  D„  has  been  suppressed  to  simplify  the  notation. 
The  new  variable  £(6„)  is  defined  also.  Each  value  of  which  satisfies  Eq.  (11)  is  the  eigenangle  of 
the  nth  waveguide  mode.  The  excitation  factor  A*  for  the  nth  waveguide  mode  is  obtained  from 


A„ 


(1  +  pf?,,)5  (1  -  jA  ,  R.) 


»Fii 


a F(±i 

bd  »-(.r 


(12) 


where  the  variable  Fid)  is  as  defined  in  Eq.  (11).  In  addition  to  the  vertical  electric  field  E.  for  a  given 
waveguide  mode  having  eigenangle  in  general  there  exist  five  other  nonzero  field  components  Ex. 
£,.,  Hx,  //,.,  and  1I_  within  the  waveguide  for  each  mode. 


These  extra  fields  arise  because  the  ionosphere  is  anisotropic  on  account  of  the  earth's  magnetic 
field.  Propagation  through  and  reflection  from  such  an  anisotropic  medium  rotates  the  plane  of  polari¬ 
zation  of  the  incident  wave  to  generate  crosspolurized  reflected  fields.  Alternatively  one  could  consider 
the  linearly  polarized  wave  transmitted  from  the  vertical  electric  dipole  anienna  to  be  a  linear  superposi¬ 
tion  of  right-handed  and  left-handed  circularly  polarized  waves,  each  reflected  with  a  different  ampli¬ 
tude  at  the  ionosphere.  The  ionospheric  reflection  causes  a  mixture  of  wave  polarizations  at  a  reception 
point  on  or  above  the  earth's  surface.  The  fields  at  height  :  are  related  to  the  vertical  electric  fields  at 
the  earth’s  surface  EA0)  in  a  given  waveguide  mode  by  the  following  functions  of  reflection  coefficients 
and  Hankci  functions: 


£,<z)/£.(0> 


E.  (r)/£.(0)  =  fn  (z), 

£»  (z)/£. (0)  =  g(z)IS. 

_ j.«i  <1 .  +  j\)/i  <*)_._ 

A(1  +„/?„)  (1  -j  A,  ,£j)- 


(13) 

(14) 


(15) 
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In  these  expressions 
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k 


S  and  C 
h\(q)  and 


is  the  radius  of  the  earth, 

is  the  height  of  the  receiver  above  ground, 

is  the  index  of  refraction  of  the  ground  surface, 

is  the  reference  altitude  in  the  waveguide  for  evaluating  the  mode  parameters  and  the 
reflection  coefficients, 

is  the  propagation  constant  of  the  waves  in  free  space  (-  wlc), 
are  the  sine  and  cosine  of  the  eigenangle  (t„. 
arc  the  modified  Hankel  functions  of  order  1/3, 


is  the  impedance  of  free  space. 


Using  these  relations,  one  can  obtain  a  desired  field  of  a  given  mode  at  any  altitude  e,  if  one 
knows  the  vertical  field  in  that  mode  at  the  earth’s  surface.  The  NOISLAN  prediction  program  calcu¬ 
lates  the  vertical  noise  fields  in  the  three  strongest  quasi-TM  waveguide  modes  in  making  its  noise 
prediction.  So,  the  values  of  £. (0)  for  the  three  most  important  modes  are  available,  and  one  can 
obtain  the  crosspolarized  fields  at  any  height  z  by  applying  F,qs.  (131  through  (18)  to  the  NOISLAN 
£(0)  values. 


HORNS  Program  and  Approximations 

The  HORNS  portion  of  the  atmospheric-noise  model  predicts  high-altitude  atmospheric  noise  at 
any  polarization  by  using  the  functions  of  the  WAVECilJlD  program,  as  summarized  in  Eqs.  ( i 3 ) 
through  (18).  and  the  values  of  £.(0)  computed  by  the  NOISLAN  program.  Equations  (13)  through 
(18)  may  be  rewritten  in  a  notation  more  apptopriate  to  the  summation  of  fields  from  many  sources: 
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In  these  expressions  the  field  symbols  such  as  A',*'-1  (z )  refer  to  the  field  strength  produced  by  the  rth 
noise  source  in  the  nth  waveguide  mode.  The  symbols  for  the  height  gain  functions  such  as  f\'l(z). 
refer  to  these  (unctions  in  the  nth  waveguide  mode  and  from  the  rth  transmitter.  Likewise  the  ground 
and  ionospheric  reflection  coefficients  refer  to  particular  modes  and  to  waves  from  a  particular  noise 


sou  ice. 
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After  the  individual  contributic  is  to  the  components  of  the  noise  field  have  been  calculated,  the 
vertically  polarized  electric  and  magnetic  noise  fields  may  be  obtained  by  analogy  to  Eq.  (6): 


and 


£,(z) 


£  £  ioZ)ij 


HAz) 


£  £  \n^Hz)v 

i-l  fl-l 


(33) 


(34) 


A  random-phase  approximation  has  been  made  in  deriving  Eqs.  (33)  and  (34).  In  other  words,  no 
correlations  are  assumed  among  the  elements  in  the  sum  of  Eq.  (33)  ot  among  the  elements  HA 
of  Eq.  (34).  For  different  values  of  i  (different  sources)  the  random-phase  approximation  is  undoubt¬ 
edly  correct,  since  there  is  no  correlation  in  the  arrival  time  of  energy  from  different  sources.  How¬ 
ever,  for  different  values  of  n  (different  modes  from  the  same  source)  the  random-phase  approximation 
is  less  accurate,  since  some  correlation  exists  among  the  arrival  times  of  different  modes  from  the  same 
source.  However,  since  the  noise  "transmitter"  locations  arc  only  the  noise  power  centroids  for  noise 
sources  in  their  respective  areas  and  not  the  noise  sources  themselves,  the  actual  propagation  paths 
from  each  lightning  discharge  to  the  receiver  are  not  known.  Thus  one  cannot  accurately  calculate  the 
phase  angles  of  the  various  modes,  leaving  the  random-phase  approximation  as  the  best  alternative. 


To  obtain  equations  for  the  horizontally  polarized  noise  fields,  one  must  first  select  a  horizontal 
axis  direction  x'  a'ong  which  the  noise  is  to  be  specified.  The  previously  used  coordinates  A.  y.  and  ; 
are  defined  in  relation  to  the  direction  of  propagation  of  a  wave:  z  is  the  vertical  direction,  x  is  horizon¬ 
tal  in  the  direction  of  propagation  of  the  wave,  ana  y  is  horizontal  perpendicular  to  the  direction  of 
wave  propagation.  Since  the  equivalent  sources  arc  at  different  hearings  from  the  receiving  location, 
one  cannot  simply  add  the  Hl'Jlz)  field  to  that  from  another  source  such  as  //„*', +  "(z),  because  they 
will  not  be  parallel.  Instead  one  must  find  the  comribuuon  of  lire  various  fields  to  a  resultant  com¬ 
ponent  fixed  in  space  using  the  normal  processes  of  vector  resolutir  and  vector  addition.  One  then 
obtains  the  total  horizontal  fields  in  the  fixed  a' directions  as  follows 
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(35) 


(36) 


The  resultant  noise 
amplitudes  r.A .  F-A 


predictions  Ex(z)  and  Hx\z)  are  real  numbers,  and  the 


11  A  -  and  i’A  am  complex  phasors. 


Hence  one  must 


tudes  of  these  contributions  in  Eqs.  (35)  and  (36). 


waveguide-mode  field 
sc  the  absolute  mngni 


To  determine  //J'.Hz)  from  £ji'(0)  according  to  Eq,  0  6'),  one  needs  knowledge  of  Of'1.  the 
eigenangle  of  the  nth  wa  eguidc  mode  that  carries  the  wave  from  the  rth  noise  transmitter,  and  of  the 
ionospheric  and  ground  reflection  coefficients  for  this  propagating  mode.  How  can  one  obtain  S^1’? 
One  could  determine  gA  from  the  WAVF.GU1D  program  using  an  appropriate  anisotropic  ionosphere 
model  by  iteratively  solving  Eq.  (11),  as  is  normally  done  with  this  program.  However,  this  procedure 
is  time  consuming  when  applied  to  noise  predictions,  because  it  ordinarily  requires  several  iterations  to 
settle  on  a  satisfactory  value  of  C„  .  This  undertaking  could  become  expensive  and  tedious,  since  there 
may  be  as  many  as  70  significant  thunderstorm  atmospheric  noise  sources,  each  having  a  different  bear- 
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ing  from  the  receiver  location,  Since  the  angle  of  arrival  of  energy  from  each  source  would  be 
different,  a  new  calculation  of  would  be  required  for  each  case,  An  alternative  method  has  been 
used  in  the  present  version  of  the  program 

The  approximation  for  in  the  present  program  is  to  substitute  the  cigenangle  9„  which  has 
already  been  calculated  for  the  quasi-TM  mode  with  an  isotropic  ionosphere.  This  procedure  makes  the 
assumption  that  the  field  expressions  in  Eqs.  (13*)  thorugh  (18')  are  not  sensitive  to  the  value  9n  . 
This  assumption  was  tested  and  partially  verified  for  a  sample  of  noise  predictions.  Certainly  this 
method  of  selecting  9„  is  arbitrary,  and  it  might  be  improved  in  subsequent  versions  of  the  program 
Once  is  selected,  it  is  used  for  the  evaluation  of  till  the  factors  that  enter  into  the  computation  of  the 
elevated  fields.  The  geomagnetic  field  strength  and  diiection  at  the  receiver  location  is  calculated  using 
a  dipole  model  of  the  eailh’s  field,  The  rth  azimuth  angle  required  to  evaluate  the  ionospheric 
reflection  coefficients  is  evaluated  using  this  geomagnetic  model  and  a  knowledge  of  the  direction  to  the 
rth  equivalent  noise  source. 

The  atmospheric-noise  model  calculates  the  high-altitude  electromagnetic  fields  piopagaled  in 
three  quasi-TM  modes  in  the  earth-ionosphere  waveguide.  The  fields  generated  by  the  vertical  com¬ 
ponent  of  the  lightning  stroke  but  propagated  in  the  quasi-transverse-electric  (quasi-TE)  modes  arc- 
ignored.  This  deficiency  of  the  piediction  model  may  be  remedied  in  fuiure  versions,  li  seems  reason¬ 
able  that  the  contributions  by  the  quasi-TE  mode  to  the  horizontal  electric  and  vertical  magnetic  field 
should  be  comparable  to  the  contributions  by  the  quasi-TM  mode,  hence  the  observed  noise  might 
exceed  the  predicted  values  by  3  dB 

The  atmospheric-noise  model  also  ignores  the  contributions  of  ihe  horizontal  component  of  the 
lightning  discharge,  b' -cause  it  has  been  assumed  that  the  horizontal  discharges  are  much  weaker  than 
the  vertical  discharges.  Recent  detailed  analyses  of'  lightning  discharge  paths  139]  suggest  that  a 
substantial  elevated  horizontal  component  of  the  discharge  channel  existed  in  several  thoroughly 
analyzed  cloud-to -ground  discharges.  This  strong  horizontal  component  would  be  inconsistent  with  our 
present  noise  model  and  suggests  an  important  topic  for  further  investigation.  A  detailed  statistical 
study  of  lightning-channel  structures  and  of  received  noise  polarizations  would  be  useful  in  assessing 
this  question. 

COMPARISON  OF  PREDICTIONS  WITH  OBSERVATIONS 

The  predictions  of  the  vertical  noise  fields  on  the  ground  obtained  from  COMPWR  and 
NOISLAN  can  be  readily  compared  with  da'a.  f  rom  1958  through  1967,  at  first  the  National  Bureau  of 
Standards  (NBS)  arid  after  a  reorganization  the  Environmental  Science  Services  Administration  (ESSA) 
supervised  a  worldwide  network  of  atniospheric-radio-noisc  recording  stations  1.30).  Measured  long¬ 
term  noise  data  at  13  kHz  from  12  of  these  stations  have  been  compared  with  COMPWR/NOISLAN 
predictions.  Figures  1  and  2  show  a  comparison  between  the  NBS  experimental  data  and  the  picdic- 
lions  using  option  II  of  COMPWR  and  options  1  and  11  of  NOISLAN. 

Whereas  many  data  exisi  for  vertically  polarized  atmospheric  elect! ic  noise,  few  data  are  available 
lor  vertically  polarized  magnetic  noise.  Tnc  Mitre  Corporation  has  made  a  few  nearly  simultaneous 
measurements  of  the  vertically  and  horizontally  polarized  magnetic  noise  fields  at  high  altitudes  using 
loop  antennas.  The  Mitre  Corporation  personnel  used  a  horizontal  loop  antenna  extended  behind  a  jet 
aircraft  in  measuring  the  vertical  magnetic  field  strength.  The  receiver  used  for  the  measurements  was 
an  RCA  VLE  amplitude-probabiliiy-distribuiion  receiver  loaned  b>  NRL  for  the  experiments.  A  pair  of 
orthogonal- cmsscd-loop  antennas  were  used  in  me;  Mr  ing  the  horizontal  magnetic  field.  T  he  experi¬ 
menters  state  (G.  Hirst,  private  communication  1  tha.  iheir  crossed- loop  system  did  not  have  an  omni¬ 
directional  reception  pattern,  because  of  induced  coupling  from  the  aircraft  structure.  The  crossed-loop 
antennas  were  coupled  to  produce  a  response  to  dlipucally  polarized  horizontal  magnetic  noise  fields 
Neither  the  directions  of  the  major  and  minoi  axes  of  the  ellipse  nor  ihc-  direction  of  rotation  of  the 


21-10 


4  0G.- - - 

ML  AN  fcKROR  ■  0.09 
RMS  fRROR  •  1.90 

v>  100- 
UJ 

% 

< 

40 


C.RHOH  (dB) 


Fig.  1  —  Hisiognuns  of  crtors  (observed  values 
minus  predicted  values)  in  predicting  vertically  polar* 
i/cd  clccinc  noise  al  13  kMz  using  NOISLAN  opium  I 
and  C’OMI’WR  option  11 


Fig  2  —  Histogram  of  errors  (observed  values 
minus  prtniiri'uf  values)  in  predicting  veriically  po¬ 
larized  elecine  noise  ai  13  kHz  using  NOISI  AN  op¬ 
tion  II  and  C'OMI’WR  option  II. 
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cllipiically  polari/cd  waves  arc  available.  These  parameters  are  important  in  comparing  the  data  with 
detailed  theoretical  predictions  from  the  atmospheric-noise  program  They  were  not  important  to  the 
Mure  measurement  program.  In  spite  of  these  difficulties,  the  Mitre  data  are  valuable  at  present, 
because  they  are  practically  all  the  data  there  are.  The  voltage  outputs  of  the  crosscd-loop  antennas 
were  added  together  with  a  901"  phase  shift,  as  is  noimally  done  in  a  erossed-loop  system.  The  resultant 
field  strengths  were  then  normalized  to  the  value  of  the  vertical  electric  field  that  an  equivalent  TM 
propagation  wave  would  possess  to  give  the  observed  magnetic-field  value  These  are  the  values  of  /.. 
presented  in  Figs.  3  through  l!  and  in  Table  1.  The  values  olaf. .  where  =  tj/F. ,  with  y  being  the 
impedance  of  f  ree  space,  were  those  measured  on  the  horizontal  loop  antenna 

From  Figs.  3  through  8  and  from  Table  1,  one  can  note  that  the  equivalent  vertical  electric  noise 
field  E.  is  predicted  to  be  relatively  constant  from  day  to  night  and  that  it  exceeds  the  equivalent  verti¬ 
cal  magnetic  noise  field  by  about  30  dB  during  the  day  and  by  about  15  dB  during  the  night.  The 
smaller  predicted  value  of  during  the  day  is  directly  related  to  the  smaller  value  of  the  ionospheric 
reflection  coefficient  n that  describes  the  change  of  wave  polarization  from  vertical  electric  to  vertical 
magnetic  (Eq.  (16')). 

An  interesting  ease  of  disagreement  with  the  model  is  observed  in  Fig.  4,  where  the  noise  data, 
taken  immediately  after  sunrise  at  the  receiver,  have  a  separation  of  9f.  from  E.  more  characteristic  of 
nighttime  than  daytime  conditions.  Such  a  case  could  occur  if  about  50%  of  the  noise  sources  were  in 
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Tabic  1  —  Summary  of  Predicted  and  Observed  Separations  of 
RMS  Noise  as  Shown  in  Figs.  3  thorugh  8 


£.  - 

H.  RMS-Noise  Separation  (dB) 

_  J 

Location 

Daytime 

Nighttime 

= 

17  kHz 

= 

29  kHz 

= 

17  kHz 

= 

29  kHz 

Opt.  1 

Opt.Ill  Obs. 

Opt.]] 

Opt  lit  Obs. 

Opt.  I] 

Opt.lTi  Obs. 

Opt.  I 

Opt. 11 1  Obs. 

47°N,  55"W 

31.0 

34.5 

35.6 

27.0 

29.5 

28j 

14.0 

TJX 

- 

TJX 

X 6£ 

- 

44"N,  65°W 

29.0 

34.5 

■- 

26.5 

29.5 

- 

15.0 

15.0 

23.2* 

13.5 

9.5 

13.0* 

38UN,  82°W 

26.0 

32.0 

- 

26.5 

30.5 

- 

12.0 

12.0 

18.1 

13.5 

11.0 

16.1 

3«TN,  90°W 

25.0 

31.0 

28.2 

26.0 

29.5 

26.6 

12.0 

13.0 

- 

10.0 

9.C 

- 

28°N,  80“W 

26.5 

32.0 

35.4 

26.5 

30.0 

26.2 

-2.5 

-3.0 

- 

4.0 

3.0 

— 

38“N.  84UW 

26.0 

32.0 

- 

26.0 

30.0 

— 

8.0 

8.0 

16.9 

8.5 

7.0 

10.2 

'Mcusuirmcnis  taken  during  the  transition  from  night  to  da\ 


the  nighttime  portion  of  the  globe  and  if  the  effect  of  passage  of  the  nighttime  quasi-TM  waves  through 
the  teintinutor  region  did  not  suppress  the  'A',  fields  but  simply  piopagated  them  forward  in  quasi-Ti 
modes.  A  future  improved  version  of  the  noise  prediction  model  may  be  constructed  to  lake  this 
quasi-Tl  conversion  into  account. 

In  general  the  measured  data  are  several  dU  higher  than  the  predictions.  However,  almost  all  the 
E.  measurements  are  within  1  standard  deviation  of  the  picdiried  levels  based  on  the  values  of  Du 
given  in  CC1K  Report  322  [l],  Table  1  presents  a  summary  oi  predicted  and  observed  E.  -  X.  noise 
separations.  The  use  of  option  II  of  the  NOISLAN  program  with  option  11  of  COMPWR  yields  bettei 
predictions  of  E.  —  X :  noise  separation  for  daytime  at  -'17  kHz  than  does  the  use  of  option  I  of 
NOISLAN  with  option  11  of  C'OMPWR.  Other  than  for  daytime  at  =17  kHz  the  predictions  arc  not 
better  from  use  of  option  II  of  NOISLAN  rather  than  of  option  I.  For  both  options  the  predictions  for 
daytime  fit  the  data  quite  well  but  the  predictions  for  nighttime  do  not  fit  so  well.  The  results  art 
encouraging,  but  more  noise  data  are  needed  to  fully  determine  the  accuracy  of  the  model. 


ADDITIONAL  DEVELOPMENT  OF  THE  MODEL 

Several  possibilities  exist  for  further  development  of  the  atmospheric-noise  model.  Incorporation 
of  TL-mode  propagation  with  conversion  at  the  terminator  may  he  a  helpful  addition.  Also,  the  exten¬ 
sion  of  the  model  s  frequency  range  tip  to  60  kHz  would  be  useful,  since  the  range  from  30  to  60  kHz 
not  currently  covered  is  of  operational  concern.  Such  an  extension  would  first  require  a  modification  of 
the  COMPWR  and  NOISLAN  programs  ti  predict  TM  noise  up  to  60  kHz  The  propagation  parame¬ 
ters  could  be  found  using  the  WAVLCilllL)  program  with  an  appropriate  ionospheric  model,  just  the 
way  option  11  of  NOISLAN  was  prepared  The  validity  of  the  extended  NOISLAN  model  could  be 
checked  against  51-kHz  vertical  noise  data  collected  by  NILS  [30],  In  preparation  for  this  comparison 
effort,  the  available  51-kHz  NILS  noise  data  have  been  digitized.  Results  of  the  analysis  may  be  pub¬ 
lished  in  the  future. 
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DISCUSSION  EPP  FALL  81  MEETING 
MEDIUM,  LONG,  AND  VERY  LONG  WAVE  PROPAGATION 
<AT  FREQUENCIES  LESS  THAN  3000  KHZ) 


SESSION  3 

PAPERS  17.  VLF  PROPAGATION  IN  DISTURBED  ENVIRONMENTS 
AUTHOR:  E.  C.  Field 
COMMENTER:  J.  S.  Bel  rose 

QUESTION:  In  Figure  ?  you  show  that  dui  ing  an  intense  disturbance  the  mode  structure  in  the 
field-strength  versus  distance  curve  essentially  disappears.  Under  normal  conditions  the  first 
major  minimum  in  the  field  strength,  on  a  wave  hop  theory,  is  the  place  where  the  ground  and 
sky  wave  are  approximately  equal  and  in  antiphase.  This  must  mean  then  that  under  intense 
Disturbance  conditions  there  is  no  skywave  at  least  for  distances  C  400  km  where  the  signal 
must  be  essentially  ground  wave  only?  At  greater  distances  is  this  also  the  situation? 

RESPONSE:  Although  both  the  wave  hop  and  waveguide  mode  methods  give  satisfactory  results,  the 
wavehop  method  is  not  amenable  to  simple  physical  interpretation  at  VLF  under  conditions  where 
the  earth-ionosphere  waveguide  is  severely  constricted.  For  example  it  is  very  difficult  to 
explain  the  well  known  phenomenon  u(  waveguide  cutoff  in  terms  of  a  ground-wave  and  a 
superposition  of  skywaves.  In  figure  9,  the  single  propagating  waveguide  mode  is  made  up  of  ^ 
large  number  of  terms  in  the  skywave  series.  Moreover  for  the  conditions  shown,  the  track  width 
of  the  ground  wave  extends  into  the  depressed  lower  ionosphere. 

PAPER:  17.  VLF  PROPAGATION  IN  DISTURBED  ENVIRONMENTS 
AUTHOR:  E.  C.  Fifrl d 
C0W1ENTER:  F.  R.  Schmerling 

QUESTION:  In  answer-  to  Dr.  Belruse's  question.  I  would  expect  the  sky  wave  reflection 
coefficient  to  increase  with  obliquity.  On  very  simple  grounds  a  disturbance  could  decrease  the 
sky  wave  amplitude  at  nearly  vertical  incidence  sufficiently  to  wipe  out  the  first  interference 
minimum,  hut  still  provide  some  contribution  at  oblique  incidence  (longer  range). 

RESPONSE:  My  response  to  Dr.  Belrose's  question  applies  to  this  comment  as  well. 

PAPER.  17.  VLF  PROPAGATION  IN  DISTURBED  ENVIRONMENTS 
AUTHOR:  E.  C.  Field 
COMMENT ER:  J.  B.  Reagan 

QUESTION:  Since  there  have  been  many  cases  of  solar  proton  events  occurring  while  transpolar 
VLR  propagations  were  underway,  have  you  used  any  of  these  events  to  test  the  validity  of  your 
model ing  work? 

RESPONSE:  Yes,  although  I  have  not  discussed  the  transpolar  propagation  data  in  my  oral 
presentation.  However,  a  brief  discussion  of  the  agreement  between  experiment  and  theory  is 
given  m  the  written  version  o*  the  paper,  as  is  a  list  of  references. 

PAPER:  13.  MULTIPATH  VLF  PROPAGATION  EFFECTS  IN  CORRi  .ATICN  RECEIVERS 
AUTHOR:  F.  J.  Kelly 
COM’IFNTER:  T.  J.  Beahn 

QUESTION:  Have  you  considered  using  seme  of  the  techniques  employed  in  adaptive  equalizers? 

For  example,  you  ran  represent  the  various  modes  as  attenuated  and  shifted  (in  time)  versions 
of  the  original  signal .  One  can  then  use  the  psuedorandom  sequence  as  a  probe  of  the  channel 
charo.c  ter  istics  and  determine  just  what  attenuation  and  shifts  you  are  dealing  with.  Perhaps 
one  could  obtain  better  per  for  <r:r  *  ‘'U  th  such  a  model  of  its  channel. 

RESPONSE:  Personally,  I  do  not  Know  enough  about  advanced  receiver  design  of  the  type  you 
describe  to  say  much  about  it.  Undoubtedly,  some  type  of  adaptive  system  might  be  designed  fur 
these  circuits  under  favorable  circumstances. 

PAPER:  13.  MULTIPATH  VLF  PROPAGATION  EFFECTS  IN  CORRELATICN  RECEIVERS 
AUTHOR:  F.  J .  Kelly 
Cui-MENTER  ;  J .  r' .  Be !  ro'c 

QUE5TICN:  The  correlation  techniques  that  you  are  pruposing  must  be  like  spread  spectrum 
techniques  used  at  HF  to  el lminate  mul t l -path  efforts  due  to  "multi  -hop"  signals.  Applying  this 
to  VLF,  if  we  spread  the  energy  over  a  sufficient  frequency  hand  that  the  multi-path  signals 
were  not  correlated,  spread  spectrum  techniques  should  work  for  the  VLF  situation.  Is  this  in 
fact  what  you  are  saying*1 

RESPONSE:  The  MGK  spr  ead -spec  tr  urn  signals  discussed  my  paper  are  no*  of  wide  enough 
bandwidth  to  separate  the  multipath  completely.  So  my  papei  deals  with  the  consequences  of  this 
circumstance. 

Pf  PER  :  *>1.  ATMOSPHERIC  VLF  RADI  si  NOISE  AT  t' S' ATED  RECEIVERS  :  HORIZONTAL  AND  VERTICAL 

POLAR l Z AT  IJI4 

AUTHOR  :  F.  .J.  Kelly 

t'MLSlIONF.R  :  E.  R.  Swanson 

QUESTION  :  Most  receivers  with  which  I  am  familiar  use  non  lineal  signal  processing  to  exploit 
the  impulsive  nature  uf  ‘4  1  noise.  Performance  be  equivalent  to  15  Db  gain  compared  with 
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LF  PROPAGATION:  AN  OVERVIEW 


John  S.  Bel  rose 
Communications  Research  Centre 
Department  of  Coumunications 
Ottawa,  Canada 


ABSTRACT 

Propagation  at  frequencies  in  the  I.F  band  (30-300kHz)  alter  with  change  in  frequency  as  would  be 
expected  for  a  transition  band  between  VLF  and  MF.  But  there  is  a  drastic  difference  between  propagation 
characteristics  in  these  adjacent  bands.  Ionospheric  attenuat.on  therefore  increases  rapidly  with  frequency, 
particularly  during  sunnier  daytime.  This  overview  is  inadequate  in  that  many  features  of  LF  propagation  arc 
scarcely  touched  on,  or  not  mentioned  at  all,  however  reference  is  made  to  published  work  where  the  detail  car 
be  found.  The  overview  addresses  principally  those  areas  where  our  knowledge  is  inadequate,  particularly 
where  our  knowledge  of  propagation  on  a  global  scale  Is  far  from  complete. 

1.  INTRODUCTION 


As  noted  in  the  theme  of  this  symposium,  the  LF  band  (30-30(jkHz)  is  useful  for  cornnunica  ons  to 
intermediate  distances,  shorter  than  the  global  reach  of  ELF/VLf  but  longer  than  the  ground-wave  spans 
characteristic  of  the  MF  band  during  daytime  when  the  absorption  of  the  ionospheric  reflected  wave  is  great. 

By  this  we  mean  conniuri  cations  to  distances  ranging  from  hundreds  to  several  thousand  kilometers. 

The  amplitude  of  the  skywave,  for  waves  steeply  reflected  from  the  ionosphere,  increases  rapidly 
with  increase  in  frequency,  especially  during  summer  daytime,  and  the  maximum  in  the  absorption  of  the  sky 
wave  occurs  in  this  frequency  band  (in  the  frequency  range  100-300kHz),  see  Figure  1.  At  oblique  incidence 
this  frequency  uand  for  which  absorption  is  a  maximum  is  shifted  to  higher  operating  frequencies,  because 
to  a  fair  approximation,  an  oblique  incidence  wave  suffers  an  attenuation  on  reflection  from  the  ionosphere 
similar  to  a  vertical  incidence  frequency  of  effective  frequency  fcosi  ,  where  1  -  angle  of  incidence  on  the 
ionosphere.  On  this  interpretation  of  LF  field  strength,  the  frequency  range  of  the  MF  broadcast  band,  for 
a  transmission  distance  of  1500km,  spans  the  frequency  band  of  maximum  absorption,  since  for  a  1600kHz  wave, 
fcosi  =  278kllz,  whereas  at  5 OOkllz ,  fcosi  =  86kHz. 

In  preparing  this  overview  we  have  concluded  that  there  have  been  no  significant  new  advances  in 
our  knowledge  about  the  propagation  of  LF  radio  waves  since  the  extensive  discourse  by  Belrose  (1968);  see 
also  Belrose  and  Segal  (19741  and  Burgess  and  Jones  (1975),  and  for  a  list  of  some  more  recently  published 
works  CCIR  Document  (1978-1982],  In  the  present  paper  we  will  address  only  the  more  important  aspects  of 
LT  propagation,  with  particular  enfihasis  on  those  that  need  tu  be  further  studied. 

2.  GEOGRAPHICAL  ARRANGEMENT  OF  EXPERIMENTS 

Except  for  a  few  specific  exper  iments,  e.g.  ,  the  measurement  of  lF  field  strengths  in  an  aircraft 
by  Burgess,  and  by  Kelly  (1981)  which  will  be  described  in  the  next  paper;  hy  the  Nava)  Uc  'an  Systems  Centre, 
we  will  see  some  of  there  results  in  Morfi  tt's  (1981|  overview;  and  studies  of  Loran-C  pro,  Ration,  see 
Doherty's  [19811  overview;  LF  propagation  has  been  studied  extensively  only  in  Canada  and  in  Europe, 
essentially  by  three  groups  of  researchers.  These  were  the  early  work  by  Ratcliffe  and  his  colleagues  at 
Cambridge,  UK,  by  Lauter  and  his  colleagues  in  Europe  and  by  Belrose  and  his  colleagues  in  Canada.  The  author 
'ad  the  opportunity  to  study  LT  propagation  in  both  geographical  regions,  since  his  early  work  was  carried 
out  at  Cambridge  during  1953-1957,  just  lung  enough  to  observe  the  change  from  solar  minimum  to  solar  maximum, 
latter  work  (1957-1974)  was  carried  out  in  Canada. 

It  is  useful  at  the  outset  to  consider  the  geographical  arrangement  uf  the  experiments,  i.e.,  the 
geograph i c/magne tic  latitudes  of  the  propagation  paths,  since  one  of  the  principal  differences  in  propagation 
in  there  two  regions,  the  diurnal  variation  in  phase  ( lu  be  described),  is  undoubtly  associated  with  a 
difference  iri  magnetic  latitude.  In  Canada,  all  propagation  paths  studied  lay  above  45°  geographic,  55° 
magnetic  (magnetic  i" variant)  latitude;  in  Europe  all  paths  studied  were  more  narrowly  restricted,  50  -  C0° 
geographic  and  45  -  571)  magnptic  latitude.  See  polar  maps  shown  in  Belrose  11968], 

3.  THE  RAD1AT10N  FIELD  AND  ITS  MEASUREMENT 

Except  for  a  few  expei  imencs ,  e.g.,  Loran  C  measurements,  the  field  strengths  measured  were  of 
continuous  wave  signals  hence  the  total  field  record  is  then  the  resultant  of  the  field  due  to  the  wave 
diffracted  by  tne  ground  anu  th  ■  field  due  to  Uie  skywave.  In  the  simple  expe; i men t  only  the  amplitude 
ol  the  total  field  is  measured,  see  Figures  2-4,  and  the  phase  and  anplitudc  of  the  skywave  are  inferred 
from  this  simple  record  at  times  when  it  is  in  nr  out -of-phase  w.r.t.  the  groundwavo.  On  this  interpretation 

sometimes  described  as  a  "quasi -phase  method",  a  dijrnal  variation  of  the  phase  and  aiqrlitudc  of  the  skywave 

can  in  some  instances  b.-  inferred. 

If  the  transmitted  frcgiiencv  is  stabilized,  and  a  similar  primary  frequency  standard  is  employed 
at  the  receiving  site,  the  total -field  record  In  troth  phase  amplitude  can  be  recorded,  see  figures  5-8. 

It  is  sometimes  found  useful  to  register  Hie  recorded  phase  and  amplitude  of  the  total  field  on  a 

polar  plot,  see  figure  ').  Such  a  record  is  called  a  NORL1I,  a  normal  loop  induction  Irons;  normal  meaning 
that  the  total  field  record  has  been  recorded  employing  n  loop  antenna  in  the  place  of  propagation. 


Another  experiment,  referred  to  as  an  osci  llating-loop-experiment,  has  been  employed  to  infer  the 
polarization  of  the  skywave  [Belrose,  1968).  In  this  experiment  the  loop  is  oscillated  continuously  through 
some  small  angle  about  the  bearing  of  the  propagation  path,  and  the  apparent  radio  bearing,  as  well  as  other 
parameters  of  the  signal  aro  inferred  from  the  signal  at  the  two  extremities  of  the  loop  swing  and  the 
minimum  signal . 

The  total-field  record  has  also  been  measured  in  an  aircraft,  and  again  maximum  and  minima  on  the 
record  are  inferred  to  be  times  when  the  sky  and  ground-waves  are  in-or  out-of-phase,  see  Figures  10  and  11. 

In  some  experiments  the  phase  of  the  total-field  has  been  recorded,  but  this  parameter  has  not  found  useful, 
because  the  position  of  the  aircraft  was  not  known  with  sufficient  accuracy  to  remove  the  dominate  phase 
change  due  change  in  position  of  the  aircraft. 

In  interpreting  total  field  records  measured  in  Europe  and  Canada,  attention  should  be  drawn  to 
another  difference,  besides  that  of  magnetic  latitude  In  Europe  the  ground  conductivity  typically  has  a 
conductivity  of  5  x  10"'’  S/m,  and  some  of  propagation  paths  studied  lay  partly  or  almost  entirely  over  sea 
water.  A  few  paths  however  were  over  mountainous  regions.  In  Canada  a  conductivity  of  <2  x  10"^  S/m  is 
more  typical,  and  paths  which  traverse  the  Laurentian  shield  and  arctic  land  have  conducties  of  0.3  x  10"^ 

S/m,  The  skywave  to-ground-wave  ratio  is  therefore  much  greater  fur  LF  propagation  paths  in  Canada  compared 
with  similar  propagation  paths  in  Europe. 

4 .  DIURNAL  VARIATIONS  OF  PHASE 

In  Figure  2  we  have  shown  total-field  records  recorded  at  Cambridge,  UK,  for  several  LF  propagation 
paths,  for  different  frequencies  and  distances.  On  the  assumption  that  the  skywave  in  reflected  without  a 
change  in  phase,  and  taking  account  of  the  phase  lag  of  the  ground  wave  due  to  the  finite  conductivity  of 
the  earth,  the  curve  in  Figure  12,  siiows  the  morning  variation  of  the  phase  height  of  reflection  that  is 
consistent  with  these  data.  The  skywave  is  assumed  to  be  ir.-phase  and  out-of-phase  with  the  ground  wave, 
at  times  of  maxima  and  minima  on  the  field  strength  records.  The  curves  in  Figure  13  show  phase  heights 
inferred  by  Starich  and  Taumer  [1966]  for  the  ilresov-Kolberg  path  (fcosi  =  27kHz )  for  the  first  half  of 
1962  (records  like  those  shown  in  Figure  3).  The  heights  shown  here  are  somewhat  greater  than  those  in 
Figure  12,  which  may  be  due  to  the  fact  that  there  authors  ignored  the  phase  delay  of  the  ground  wave.  The 
total  field  record  for  LCH  (Try vasshoegda)  near  Oslo  received  at  Kuhlungsborn  (54. 6/660/12. 7kHz),  see 
Figure  4,  is  consistent  with  the  observation  that  the  phase  height  varied  regularly  over  the  day.  and 
is  a  minimum  shortly  after  local  noon. 

Thi diurnal  variation  in  phase  is  in  contrast  with  data  -hown  in  FiguresS  and  7,  for  propagation 
between  Halifax  and  Ottawa,  973km  distant.  For  these  records,  the  phase  of  the  total-field  was  measured 
directly.  The  phase  lag  decreased  rapidly  at  dawn,  does  not  change  during  the  daytime,  and  increased  at  dusk. 
While  sky  and  ground-waves  have  not  been  separately  inferred  for  these  records,  it  should  he  noted,  that 
since  the  pattern  is  essentially  similar  at  all  frequencies,  this  would  suggest  that  the  skywave  was  greater 
than  the  ground  wave  even  in  sunnier.  The  amplitude  of  the  total  field  record  does  exhibit  sharp  minima  at 
some  frequencies  during  the  dawn  and  dusk  transitions.  Because  of  the  low  ground  conductivity,  the  sky-wave 
to  ground-wave  ratio  would  be  expected  to  be  much  greater  than  for  the  European  paths  described  above.  It 
must  be  inferred  therefore  that  the  skywave  phase  does  vary  in  a  trapizoidal  way,  similarly  at  all  frequencies 
observed. 


Such  a  diurnal  variation  would  be  consistent  with  reflection  from  a  layer  produced  by  a  source  of 
ionization  that  was  constant  day  or  night,  such  as  galactic  cosmic  rays  or  energetic  particles.  The  rapid 
decrease  at  dawn  is  then  due  to  photodetachment  of  electrons  from  a  bank  of  negative  ions  that  was  in 
equi 1 ibri urn  wi th  the  nocturnal  electron  production  rates,  and  the  attachment  rates  of  electrons  to  form 
negative  ions.  In  Europe  the  ionization  density  in  tins  lowest  the  C-layer  must  be  much  lower,  and 
reflection  occurs  from  the  D-layer,  although  there  is  an  amplitude  and  polarization  change  during  the  dawn 
transi tion. 

It  was  noted  in  our  overview  paper  on  the  propagation  medium  that  ionization  on  a  few  days  in 
winter  can  be  rather  low.  In  Figure  14  we  show  the  amplitude  ratio  Ax/Ao  at  76km  for  a  2.66MHz  partial 
reflection  experiment  at  Ottawa.  This  ratio  is  inversely  proportional  to  the  average  electron  density 
below  the  reference  height,  and  for  Ax/Ao  >  1.5  there  are  almost  no  electrons  below  76km.  Notice  that 
Ax/Ao  >  1.5  December  4,  1972  arid  so  the  electron  density  in  the  C-layer  was  undetectably  low.  In  Figure  15 
we  show  records  for  this  period,  actual  ly  for  1  and  2  December,  1972  for  32 . Skllz  propagated  over  the 
Ottawa-Hali  fax  path.  Compare  the  observed  variation  of  phase  witlr  the  record  for  19  November,  1972  which  is 
the  typical  pattern  that  is  regularly  observed.  The  signal  amplitude  change  during  the  daytime  is  also 
different  from  normal.  While  the  signal  minima  during  the  dawn  transition  and  tire  maximum  near  sunrise 
are  typical,  the  deep  minima  after  sunrise  and  before  sunset  are  not  characteristic  of  propagation  over 
this  path.  Such  a  variation  is  more  like  that  observed  rputine.ly  on  European  path,  see  bolow.  The 
discontinuity  in  the  pnase/record  during  the  dusk  transition  is  likely  due  to  the  small  signal  amplitude 
at  this  time.  It  should  he  noted  also  that  the  apparent  phase  lag  decrease  during  the  morning  exceeds  the 
25-3f)n-sec,  which  is  typical  for  this  path. 

Ihe  records  in  Figure  16  show  nbservati  viis  at  a  higher  frequency,  130.8kHz  observed  for  a  path 
Ottawa  to  Great  Whale  River,  1111km  distant.  This  is  to  be  compared  with  the  record  for  32. 8'. Hz  propagated 
over  the  same  p„th.  This  is  a  tracing  of  the  actual  record,  which  is  10p-sec  full  scale  (1  cycle  at  the 
reference  frequency  of  lOOkllz).  Notice  that,  at  both  frequencies  the  phase  change  occurs  during  a  period 
of  about  I)  hours,  and  the  total  change  is  essential  identical  at  both  frequencies  (about  2b  -psec). 
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5.  DIURNAL  VARIATION  OF  AMPLITUDE 


The  data  in  Figure  17  are  typical  of  the  daily  and  seasonal  change  in  skywave,  inferred  from 
records  of  the  total  field  (Figure  3)  observed  in  Europe.  The  amplitude  of  the  skyway  decreases  at  dawn 
(x  =  98°),  then  increases  again  near  sunrise,  and  decreases  reaching  a  minimum  shortly  after  sunrise. 

Only  the  second  decrease  is  evident  in  these  records.  The  skywave  amplitude  then  increases,  reaching  a 
i  aximum  at  midday.  The  midday  maximum  is  especially  pronounced  in  winter. 

The  variation  during  the  day  is  in  contrast  with  the  variation  observed  at  Canadian  latitudes, 
see  figures  6  and  8.  While  a  signal  minimum  during  the  sunrise  change  is  clearly  evident,  and  the  amplitude 
increases  after  this  minimum,  and  there  is  little  or  no  variation  during  the  day  (there  is  no  midday  maximum). 
The  daily  pattern  is  somewhat  irregular  on  some  frequencies  because  these  are  record-  for  individual  days, 
the  data  in  Figure  17  are  averaged  over  the  month.  The  daily  pattern  of  amplitude  change  for  32.8kHz 
propagated  over  the  Ottawa-Halifax  path  (32. 8/973(6. 8)kHz) ,  see  Figure  15,  on  ah  unusual  day,  l  December,  1972, 
when  the  ionization  density  below  76km  was  low,  is  like  that  observed  regularly  in  Europe. 

6.  AMPLITUDE  VARIATION  WITH  SOLAR  CYCLE 


In  Figure  1,  we  have  shown  data  for  amplitude  versus  frequency,  and  distance  since  effective 
frequency  fcosi  is  plotted,  during  sunspot  ii  ni mum  years .  These  data,  except  data  point  labelled  8,  have 
been  inferred  from  total  field  re, cords  for  European  propagation  paths.  Data  points  8  are  for  Loran 
transmissions  (early  measnreiients  at  180kHz),  recorded  at  relatively  high  latitude  in  Canada  during  summer 
months. Similar  curves  have  been  drawn  for  data  recorded  during  sunspot  maximum  years.  The  curves  in 
Figure  18  reveal  the  differences  between  sunspot  minimum  and  maximum  years.  During  sunspot  maximum  years 
waves  of  frequency  below  about  100kHz  are  more  strongly  reflected  than  during  sunspot  minimum  years , 
whereas  waves  at  frequencies  above  about  100kHz  skywaves  are  more  strongly  absorbed. 

Observations  covering  the  same  frequency /distance  range  at  higher  maynetic  latitudes  (in  Canada) 
are  not  available.  For  the  transmission  paths  studied  there  are  clearly  inconsistencies  between  the 
seasonal  and  solar  cycle  variations  observed,  compared  with  those  at  lower  magnetic  latitudes  in  Europe. 

As  an  example  the  observed  field  strengths  over  the  path  Comfort  Cove,  Newfoundland  to  Ottawa  path 
(70. 4/1/00  (11.3)  kHz)  are  shown  in  Figure  19.  The  seasonal  variation  for  this  transmission  is  opposite 
to  that  expected,  in  that  field  strengths  are  higher  in  summer  than  in  winter,  particularly  in  winter  at 
midnight  during  solar  maximum  years  (1959-61  ).  Furthermore  the  field  strengths  are  greater  during  sunspot 
minimum  years  (1964-65),  particularly  at  night. 

At  very  high  latitudes  the  change  in  field-strength  over  the  epoch  of  the  solar  cycle  is  similar 
to  the  observed  in  Europe,  see  Figure  20  for  the  transmission  Thule  to  Churchill  (77. 15/2200(10. 7)kHz),  at 
least  during  winter  months,  but  the  magnitude  of  the  change  is  larger.  The  diurnal  variatiun  is  particularly 
large  in  winter  and  equinoxal  periods  during  sunspot  maximum  years,  is  almost  non-existent  in  sumner  during 
this  epoch  of  the  solar  cycle;  and,  while  not  evident  in  the  data  given  here,  the  sun  effectively  looses 
control  of  the  field  strength  over  dawn  at  soltice  in  sunspot  minimum  years  (see  lielrose  and  Ross,  1967). 

7.  SOLAK/GEOPHYSICAI.  DI5TUHHANCE  VARIATIONS  AND  POST  MAGNETIC  STORM  EhlECTS 

LF  propagation  has  been  employed  as  a  synoptic  tool  to  study  the  effects  of  solar  geophysical 
disturbances  [Bclrose,  1968J.  Particularly,  the  winter  variability  has  been  studied  (Lauter  et.  al .  ,  1976], 
and  post  magnetic  storm  effects.  The  variations  during  solar-x-ray-flare  events  have  been  studied,  the 
effects  of  solar  proton  events  (SPE)  and  high  energy  particle  events  (HEP),  which,  at  the  lower  frequencies 
are  observed  at  magnetic  latitudesof  50°  and  below.  [Lauter  and  Taubenheim,  1970). 

In  this  overview  we  will  not  discuss  in  detail  the  observed  variations,  except  for  an  extreme 
example  of  a  SPE  of  II)  November,  1960.  On  this  occasion  the  diurnal  variation  of  LF  phase  and  amplitude, 
for  high  latitude  paths,  disappeared  entirely.  The  causitivo  flare,  see  Flip  e  21,  occured  shortly  after 
sunrise  on  the  12  November,  1960.  The  time  of  the  flare  is  indicated  by  the  rrow  marked  fL  on  the 
Ottawa  Churchi  1 1  phase  record  (curve(e)).  The  solar  flare  effect  (SIL)  can  be  observed  by  the  sudden 
increase  in  signal  amplitude  for  the  Comf or ■  Cove-Ottawa  transmission  (Curve  ( d ) ) .  The  SPE  began 
coincident  with  a  magnetic  storm  sudden  commencement  (SC)  and  a  sudden  enhancement  of  cosmic  rays  (SECR) 
observed  at  ground  level.  The  dawn  and  dusk  periods  at  path  mid-point  are  marked  by  the  short  broken 
vertical  lines,  indicating  the  times  of  x  “  102°  and  90°  50'  (ground  sunrise).  Note  the  decrease  in 
phase  lay  associated  with  the  SPE  for  the  Ottawa-Ctiurch i  1 1  path  (curve  ( e ) ) ,  and  also  that  'lie  normal 
increase  in  phase  lag  at  dusk  was  absent  on  12  November.  In  fact  the  nighttime  phase  height,  of  reflection 
during  12-13  November  was  the  same  as  the  day  time  height  (50km)  un  the  12  November.  No  decrease  in  phase 
ay  was  observed  at  dawn  on  the  13  November.  SFCII's  on  the  13  and  15  November  prevented  the  observation 
if  the  return  to  normal  after  the  major  event  of  12  November.  The  signal  amplitudes  for  the  various  I.F 
iropagation  paths  (curves  (a),  (b)  and  (d)...  the  pen  stopped  inking  for  the  record  (c))  also  . .  veal 
,io  diurnal  variation  during  13  November.  Particularly  marked  is  the  Thule-Churchi  II  path  (curve  (a)),  since 
nefore  the  SI’i:  the  siqnal  amplitudes  were  off-scalt  during  nighttime  and  low  during  the  day,  see  the  record 
lor  10  November.  The  weaker  then  normal  nighttime  field  strengths  during  the  night  of  10-11  November,  1960 
is  believed  to  be  the  result  of  a  weak  SPL,  perhaps  following  the  flare  of  10  November. 

While  tiie  diurnal  variation  in  phase  height  of  reflection  is  always  depressed  during  ,i  SPE  and 
the  magnitude  of  the  diurnal  change  is  reduced,  the  12  November,  I960  SPE  is  tin-  only  occasion  (in  some 
15  years  of  continuous  observations)  that  no  diurnal  variation  i...  .  observed  during  an  SI’E.  The  nighttime 
signal  amplitudes  are  always  less  than  normal  duri,.g  a  SPL.  The  day  time  amplitude  can  lx:  less  or  greater 
than  normal,  or  the  same  as  normal  during  an  SPE,  depending  cm  the  magnitude  of  the  evcnl.  and  the  latitude 
of  the  path. 
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8.  CONCLUSIONS 


There  is  currently  a  lack  of  (new)  propagation  data  from  which  revised  ionospheric  reflection 
coefficients  as  a  function  of  frequency,  distance,  time  of  year,  solar  and  geomagnetic  activity  and  other 
parameters  can  be  derived,  and  there  are  inconsistencies  in  some  of  the  available  data,  which  make  it 
impossible  to  describe  in  detail  LF  propagation  on  a  global  scale.  More  measurements  are  needed  to 
establish  differences  between  middle,  low  and  high  latitudes.  An  alternative  approach  is  to  calculate  LF 
field  strenglhs  from  models  of  D-regien  electron  and  ion  densities,  id  some  progress  has  been  made  in 
this  area.  Reference  is  made  to  Belrose  and  Segal  fl 97^ ]  and  papers  presented  in  Session  W  of  this 
Symposium,  in  which  nunerical  modelling  of  the  propagation  medium  is  addressed.  While  there  is  a  need 
for  new  experimental  work,  no  propagation  measurements  are  planned,  and  therefore  new  knowledge  rests 
heavily  on  the  shoulders  of  those  concerned  with  numerical  modelling  of  the  medium.  The  electron  and  ion 
density  height  profiles  must  however  be  accurately  known,  because  of  the  sensitivity  of  propagation  to 
changes  in  height,  shape  and  particularly  gradient  of  the  profiles.  Ground  conductivities  at  low 
frequencies  are  also  inadequately  known,  and  these  have  a  great  influence,  particularly  for  areas  where 
conductivities  are  low,  on  the  propagation  of  the  ground  wave,  and  on  the  parameters  affecting  reception 
and  transmission  of  the  sky-waves'Bt  the  terminals  the’ transmission  path, 
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figure  5 

Phase  of  total  field  records  at  various  frequencies 
for  the  Ottawa-Halifax  path  (U73kin)  in  summer,  1973. 


Figure  G 

Ailip'l i tude  of  total  field  records  at  various 
frequencies  for  the  Ottawa -Hal i fax  path 
(973km)  in  summer,  1973. 


I  i pure  7  figure  H 

I’h.i-.e  of  total  field  records  at  various  frequencies  Amplitude  of  total  field  recti,'.!  at  various 

fn:  the  Otuawa-llali  fax  path  (973km)  in  winter,  19/3.  frequencies  for  the  Ottawa-Halifax  path 

(973km)  in  winter,  19/3. 
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versus  distar.ee  on  a  daytime  flight  from  Ottawa 
re. hi 1 1 .  The  two  curves  are  arbitrarily  separated 
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ABSTRACT 

During  1976  and  1977  the  Naval  Research  Laboratory  conducted  eighteen  long 
range  aircraft  flights  in  the  Atlantic  and  Mediterranean  Sea  area  to  measure 
and  record  the  field  strength  of  low  frequency  radio  waves  from  transmitting 
stations  in  Iceland,  Scotland,  Morocco,  and  Greece,  under  daytime  and 
nighttime  conditions.  The  experimental  data  have  been  compared  with  the  wave 
hop  propagation  model  of  Berry  and  areas  of  agreement  and  disagreement  are 
noted.  In  Darticular,  the  nighttime  waves  at  about  1  Mn,  seem  to  oscillate 
with  distance  even  more  dramatically  than  the  current  model  predicts.  The 
daytime  fields  over  all-water  paths  are  often  in  good  agreement  with  theory; 
but  ground  conductivity  changes  and  rough  terrain  effects  not  contained  in 
available  computer  models,  appear  to  influence  the  received  fields.  We  will 
discuss  the  unsatisfactory  state  of  mathematical  propagation  models  for  this 
frequency  regime  and  suggest  some  areas  for  improvement. 

1.  INTRODUCTION 

Since  the  time  of  Marconi's  first  trans-Atlantic  communications  experiment, 
the  electromagnetic  waves  in  the  LF  frequency  band  have  been  used  for  long 
range  communications  and  navigation.  Researchers  into  the  propagation  of 
these  waves  have  been  reported  by  many  famous  scientists;  the  names  of 
Sommerfeld,  Debye,  Watson,  Norton,  Wait,  Galejs,  Fock ,  van  der  Pol  and 
Bremmer,  Budden,  Hoi lingwor th ,  Pitteway,  Belrose,  Burgess  and  many  other  noted 
and  able  researchers  come  immediately  to  mind.  Even  after  many  excellent 
studies,  uncertainty  about  the  propagation  of  these  waves  remains.  There  are 
still  some  poorly  understood  and  modelled  aspects  of  propagation  in  the  LF 
band.  Undoubtedly  the  basic  framework  for  understanding  the  propagation 
exists  in  Maxwell’s  electromagnetic  theory  and  our  knowledge  of  the 
ionosphere,  but  the  implementation  of  these  ideas  into  a  comprehensive 
predictive  model  has  not  been  complete  and  satisfactory. 

During  the  1960's  and  early  1970's  Berry  and  his  coworkers  developed  an 
excellent  computer  model  for  the  propagation  of  low  frequency  waves  based  on 
their  researches  into  a  wave-hop  model  of  propagation.  This  model  is  very 
attractive  because  it  is  comprehensive,  inexpensive,  and  based  on  ionospheric 
electron  density  profiles.  The  comparison  of  this  predictive  program  with 
experimental  results  has  been  minimal  because  soon  after  the  development  of 
the  program,  sponsor  interest  in  the  research  was  reduced.  The  developers  of 
the  program  were,  not  able  to  check  its  predictions  against  experimental  data. 
Fortunately  the  U.S.  Navy  has  continued  to  recognize  the  value  of  a 
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well-calibrated  propagation  prediction  tools  in  this  frequency  band,  and  we 
have  been  able  to  pursue  the  logical  next  steps  in  the  development  of  a 
comprehensive  LF  Prediction  Program. 

2.  DAYTIME  EXPERIMENT 

LOW  FREQUENCY  RADIO  PROPAGATION  EXPERIMENTS 

During  September,  1976,  a  series  of  low  frequency  radio  propagation 
experiments  were  performed  in  the  Atlantic  and  Mediterranean  Sea  areas 
utilizing  and  NRL  RP-3A  aircraft  to  measure  field  strength  continuously  with 
distance  from  the  Navy  LF  transmitters  in  Iceland,  Scotland,  Morocco,  and 
Greece.  During  these  experiments  monitors  were  established  near  the  four 
transmitting  antenna  sites  to  provide  a  measure  of  the  power  radiated  from  the 
transmitting  antennas.  High  quality  tape  recordings  of  the  transmitted 
signals  were  made  to  provide  a  reference  for  comparison  with  the  signal 
received  and  recorded  on  the  aircraft.  In  addition,  two  Singer  NM12-AT  Field 
Intensity  meters  were  used  to  make  strip  chart  recordings  of  the  field 
intensity  on  the  aircraft.  Field  strength  data  were  collected  along  the  nine 
flight  paths  shown  in  Figure  1.  Figure  2  gives  the  flight  schedule. 

Figure  3  is  a  photograph  of  the  aircraft  used  in  this  experiment.  In  addition 
to  the  long  wire  antenna  shown  in  the  figure,  three  orthogonal  loop  anter.nas 
were  mounted  inside  the  tail  radome.  A  block  diagram  of  the  recording  and 
measurement  system  installed  in  the  aircraft  is  shown  in  Figure  4.  The 
recorded  data  can  be  used  to  provide  field  strength  information  on  more 
transmitters  than  could  be  monitored  simultaneously  using  the  field  intensity 
meters,  and  since  accurate  timing  is  maintained  and  recorded  on  the  aircraft 
and  ground  station  recordings,  the  phase  delay  and  the  transfer  function  of 
the  propagation  channel  can  be  determined  from  further  laboratory  analysis  of 
the  recordings. 

This  report  will  present  a  portion  of  the  field  strength  data  obtained  durinq 
these  flights  along  with  some  theoretical  predictions  of  the  vertical  electric 
fields  based  on  a  wave-hop  and  on  a  waveguide-mode  computer  program  TRefs  1 
and  2] .  The  theoretical  predictions  from  the  wave-hop  program  are  based  on  a 
time  varying  ionosphere  adopted  by  Berry  and  Jones  fRef  31 .  In  the  present 
report  all  wave-hop  model  predictions  are  for  a  receiver  on  the  earth’s 
surface,  since  the  wave-hop  program  of  Reference  1  uses  only  this  receiver 
altitude.  The  wave-hop  program  could  be  modified  along  the  lines  of  Reference 
4  to  obtain  field  strength  predictions  for  elevated  receiver  locations;  but, 
this  has  not  been  done  at  the  present  time. 

Figure  5  shows  the  field  strength  versus  distance  data  measured  on  the 
September  flight  from  Rota  to  Athens  from  the  57.0  kHz  transmitter  at 
Bouknadel,  Morocco.  The  aircraft  was  flying  at  an  altitude  of  11,000  feet 
during  the  time  of.  the  measurement.  The  solid  line  shows  the  theoretical 
field  strength  versus  distance  as  predicted  by  the  wave-hop  program  for  a 
ground  based  receiver. 

Figure  6  shows  field  strength  versus  distance  data  measured  on  the  58.3  kHz 
transmission  from  Greece  measured  on  the  flight  from  Rota  to  Athens  and  on  the 
return  flight  (11,000  Ft.  +  1,000  ft.  on  both  flights.)  The  overall 
repeatability  of  the  data  over  these  two  flights  is  very  good.  The  reason  for 
the  difference  in  measured  fields  at  the  range  of  2,400  km  is  unknown.  The 
data  taken  on  the  flight  from  Athens  to  Rota  at  a  distance  greater  than  380  km 
were  measured  using  the  fore  and  aft  loop  on  the  aircraft.  The  other  data 
were  taken  using  the  long  wire  antenna. 

To  illustrate  the  effect  of  ionosphere  electron  density  changes  and  of 
receiving  aircraft  height  above  the  ground,  figures  7  and  8  show  theoretical 
predictions  of  field  strength  versus  distance  at  two  altitudes  on  58.3  kHz 
using  a  0  =  .5  km-1,  h  =  70  km  and  a  8  =  .3  km-1,  h  =  72.0  km  ionosphere 
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SUMMARY 

Modulated  heating  cf  the  lower  ionosphere,  with  modulation  frequencies  in  the  ELF  and  VLF  range,  gives 
rise  to  a  corresponding  modulation  of  the  electron  temperature  and,  thus,  of  the  electrical  conductivity. 
If  a  polar  clectrojet  current  exists,  the  current  density  is  modulated,  and  an  ELF  or  VLF  signal  is  gen¬ 
erated,  Experiments  have  been  performed  to  test  this  mechanism,  using  the  new  ionospheric  Heating  facil¬ 
ity  at  Ramf jordmoen  near  Trorasi,  Norway,  rt  has  been  found  that  this  mechanism  is  sensitive  in  the  full 
ELF  range  and  for  VLF  frequencies  exceeding  7  kHz  (which  is  the  upper  limit  of  our  VLF  receiver). 


I .  INTRODUCTION 

Modulation  of  currents  flowing  in  the  lower  ionosphere  is  a  powerful  means  of  generating  ELF  and  VLF  waves. 
A  HF  wave  with  a  frequency  in  the  low  MHz  range  experiences  strong  absorption  in  the  D  and  E  region  of  the 
ionosphere,  thereby  raising  the  electron  temperature.  For  the  conditions  of  our  experiment,  an  enhancement 
of  the  electron  temperature  by  more  than  a  factor  of  ten  Beems  to  be  within  reach  (STUBBE  and  KOPKA,  1979). 
After  switching  off  the  HF  wave,  the  electron  gas  ends  down  within  a  time  of  the  order  of  1  ms  at  90  km 
(more  above,  less  below  90  km).  By  using  an  amplituuc  modulated  HF  wave,  with  the  modulation  frequency  f 
in  the  ELF  or  VLF  range,  electron  temperature  oscillations  with  frequency  f  are  imposed,  giving  rise  to 
corresponding  oscillations  of  the  elements  of  the  conductivity  tensor.  Thus,  if  a  dc  current  exists  in  the 
lower  ionosphere,  an  ac  current  will  be  superimposed  upon  it,  and  the  ionospheric  portion  illuminated  by 
the  HF  wave  will  be  turned  into  a  huge  antenna,  radiating  at  the  modulation  frequency  f. 

These  experiments  were  performed  by  using  the  Heating  facility  at  Ramf jordmoen  near  TronW  (geographic  co¬ 
ordinates  69 , 6°N,  19.2°  E,  dip  angle  78°,  L  value  6.2)  which  has  been  built  by  the  Max-Planck-Institut  fUr 
Aeronomie  in  cooperation  with  the  University  of  Tromstf.  The  Heating  facility  was  designed  to  generate  an 
effective  radiuted  power  (ERP)  of  up  to  360  MW  in  the  frequency  range  2.5  to  8  MHz.  For  a  more  detailed 
description  of  the  Heating  facility  see  STUBBE  and  KOPKA  (1979). 


2 .  EXPERIMENTAL  SET-UP 

ELF  and  VLF  signals  from  the  modulated  ionosphere  were  received  at  Lavangsdal en,  a  low  noise  site  17  km 
from  the  Heating  station,  with  two  vertical  loop  antennas  of  50  m2  area  oriented  in  the  N-S  and  E-W  direc¬ 
tions.  The  antenna  and  pre-amplifier  responue,  for  a  constant  magnetic  field  input,  peaks  at  1000  Hz,  is 
3  dB  down  it  A 50  Hz  and  3000  Hz,  and  10  dB  down  at  250  Hz  and  6000  kHz.  A  low  pass  filter  in  the  pre-am¬ 
plifier  (.  ter  the  first  stage)  cuts  off  at  7  kHz.  This  represents  an  extension  of  the  bandwidth  o»  the 
previously  reported  system  (STUBBE,  KOPKA  and  DOWDEN,  1981), 

Tn  addition  to  this  system  there  have  recently  been  installed  two  buried  "micropulsation"  loops  (in  N-S 
and  E-W  directions)  whose  response,  together  with  preamplifiers,  peaks  at  10  Hz  and  is  3  dB  down  at  4  Hz 
and  20  Hz.  It  is  capable  of  receiving  signals  in  the  micropulaation  range  (Pc.  1  and  2)  and  ELF  signals  up 
to  approximatly  30  Hz.  The  signal  produced  by  these  loops  is  used  to  frequency  modulate  a  carrier  wave  oi 
8.5  kHz  by  -  360  Hz.  These  two  frequency  modulated  signals  at  -  B.5  kHz  are  then  combined  with  their  cor¬ 
responding  E-W  or  N-S  broadband  VLF  signals  (200-7000  Hz)  and  are  telemetered  to  the  Heating  station  via 
UUF  links. 

At  the  Heating  station  the  combined  broad  band  and  FM  Bignale  are  recorded  on  magnetic  tape  and  then  further 
processed  as  follows.  The  FM  carrier,  after  filtering  to  remove  the  broad  band  VLF,  is  fed  into  a  phase- 
locked  loop  demodulator.  This  demodulated  signal  can  Chen  be  fed  into  a  spectrum  analyser. 

The  two  broad  band  VLF  signals  are  fed  into  two  synchronous  detectors  which  use  the  heating  transmitter 
modulatii-  •  as  reference.  This  gives  the  in-phase  and  quadrature-phase  (i.e.  cartesian  components)  of  the 
received  signal  in  a  32  Hz  bandwidth.  These  four  values  (two  for  N-S  and  two  for  Iv-V  ;n  u  digitized  and 
used  by  a  microcomputer  to  calculate,  in  real  time,  the.  equivalent  amplitude  and  pha:  of  the  two  cir¬ 
cularly  polarized  modes  (R  and  L)  of  which  the  received  signal  is  assumed  to  be  composed . 

These  synchronous  detectors  are  also  able  to  provide  directly  the  amplitude  and  phase  of  the  N-S  or  E-W 
signal.  By  narrowing  the  bandwidth  of  one  of  these  synchronous  detectors  from  32  ilz  to  ~  1  Hz  it  was  also 
possible  to  synchronously  detect  aignals  from  the  output  of  the  FM  demodulator,  i.e.  from  the  'microptilsa- 
tion"  loop,  as  is  shown  below. 


All  sweep  and  fixed  frequencies  are  generated  digitally  and  derived  from  a  frequency  standard.  It  is  pos¬ 
sible  to  use  amplitude  modulation  frequencies  less  than  15  Hz  and  greater  than  200  Hz.  Frequencies  between 
these  two  values  could  not  be  used  because  of  transmitter  power  supply  filter  resonances.  We  are  mostly 
using  sweep  frequency  modulation,  mainly  to  find  the  frequency  response  of  the  ionospheric  ELF-VLF  genera¬ 
tion  mechanism.  The  sweep  rate  is  typically  -  100  Hz/a.  In  the  experiments  reported  here,  we  have  used 
three  types  of  modulation:  From  full  to  zero  power  (100/0),  half  to  zero  power  (50/0),  and  full  to  half 
power  (100/50). 


3.  RESULTS  AND  DISCUSSION 


Samples  of  typical  and  unusual  sweep  frequency  results  are  shown  in  Figs.  1  to  U  .  The  ERF  values  indicated 
in  the  graphs  correspond  to  the  full  power  available  at  the  time  of  the  particular  experiment.  The  average 
power  (averaged  over  one  modulation  cycle)  follows  from  the  specified  type  of  modulation,  i.e.  50%  of  full 
powet  for  (100/0),  25%  for  (50/0),  and  75%  for  (100/50).  Before  commenting  on  these  results,  it  may  be 
helpful  to  briefly  discuss  the  agents  and  mechanisms  determining  the  observed  ELF-VLF  signal  strength,  B, 
and  its  dependence  on  frequency,  f. 

(1)  Electron  temperature  modification:  The  electron  temperature  enhancement  caused  by  the  powerful  HF  wave 
peaks  in  the  vicinity  of  the  altitude  where  l  -  f  cosO  v  (f  **  HF  frequency,  fL  -  electron  gyrofre- 
quency,  V  =  electron  collision  frequency,  0  -  angle  betweeneext?rnal  magnetic  field  and  k  vector  of  the  HF 
wave;  +  fSr  ordinary  (o),  -  for  extraordinary  (x)  HF  mode).  The  electron  collision  frequency,  ve»  is  pro¬ 
portional  to  the  neutral  density  and  to  the  electron  temperature,  T  .  The  peak  altitude  thus  increases  with 
decreasing  C  ,  with  increasing  T  (i.e.  with  Increasing  ERP) ,  and  with  a  change  of  the  1IF  mode  from  x  to  o. 

The  T  maximum  increases  with  decreasing  f  and  is  larger  for  x-mode  than  for  o-mode  heating.  The  width  of 
the  Te  maximum  is  larger  for  higher  C  and°o-mode  heating.  T  aB  a  function  of  ERP  shows  a  weak  increase 
with  ERP  for  small  ERP’ a  (rotational  excitation  regime),  followed  by  a  very  strong  increase  (runaway  regime), 
and  again  a  weak  increase  thereafter  (vibrational  excitation  regime)  (see  STUBBE  and  KOPKA,  1979). 

(2)  Source  current:  The  source  current  at  any  given  altitude  is  proportional  to  the  driving  dc  electric 
field  strength,  E  ,  and  to  the  electron  density,  N  .  It  is  a  >roxlmately  proportional  to  the  amplitude  of 
the  electron  temperature  modulation,  AT  ,  caused  by  the  amplitude  modulated  HF  wave.  ATg  depends  strongly 
on  MT  (w  °*  2tt£,  i'  *  electron  cooling  time).  In  the  lower  D-region  we  have  iot  <<  1  which  means  that  is 
fully  modulated,  i.e.  AT  1/2  (T  2~T  .)  (T  2,  T  .  *  electron  temperature  belonging  to  the  maximum  and  mini¬ 
mum  HF  power  within  one  modulation  cycle,  respectively).  In  the  upper  D-region,  on  the  other  hand,  we  have 

f,rr  »  1,  leading  to  AT  ^  i(T  p-T  .)/2ujT,  For  the  modulation  frequency  range  under  consideration,  AT  is  in¬ 
dependent  of  f  up  to  aSout  70eRm  altitude.  The  AT  maximum  and  the  height  of  the.  maximum  increase  with  de¬ 
creasing  f.  Due  to  the  nonlinear  relation  betweeneT  and  EKP,  AT^  should  depend  not  only  on  the  difference 
between  maximum  and  minimum  EUP  within  one  modulation  cycle,  but  also  on  the  average  ERP.  In  particular, 

AT  should  decrease  with  Increasing  average  ERP  once  the  runaway  regime  is  passed, 
e 

(3)  Sel E-ubaorptiou  of  11F  wave:  Since  thu  absorption  coefficient  of  a  HF  wave  depends  on  Tfi ,  i.e.  on  EH)’,  the 
relation  between  energy  flux,  S,  and  EK1’  is  not  linear.  Above  the.  altitude  where  t  -  fL  cosO  »  Vg ,  S  increases 
more  slowly  than  ERP.  This  adds  another  nonlinear  contribution  to  the  dependence  o¥  Te,  ATg,  or  source 
current  on  ERP. 


(4)  Phase  spreading:  If  the  vertical  dimension  of  the  source  region,  d,  exceeds  half  the  wavelength  of  the 
generated  ELF-VLF  wave,  destructive  or  constructive  interference  of  waves  originating  at  different  a'tiludes 
takes  place.  Minima  occur  at  frequencies  obeying  d-nl(f)  (1*  wavelength,  n^l, '!»..•)»  while  the  intermediate 
maxima  decrease  with  increasing  n.  Phase  spreading  thus  leadB  to  an  overall  decrease  of  B  with  Increasing  f. 
L-mode  waves  arc  not  affected  by  phase  spreading  because  their  refractive  index  is  small,  but  ll-mode  (whirtler 
mode)  waves  can  be  affected  if  they  are  generated  at  altitudea  where  Nc  is  largc^enough  for  the  retractive 
index  to  considerably  exceed  1.  The  required  electron  density  is  of  the  order  10  cm  for  f  =  1  kHz,  less 
for  higher,  more  for  lower  f requeue lea . 

(5)  Attenuation  of  ELF-VLF  waves:  At  altitudes  where  the  electron  gyrofrequency  is  ot  the  order  of  the 
collision  frequency  or  exceeds  the  collision  frequency,  the  L  inode  wave  in  heavily  attenuated  for  suffiq 
cieutly  large  electron  densities.  For  f  «  I  kHz,  attenuation  becomes  prohibitive  if  N  exceeds  about  10' 
cm.  The  attenuation  increases  with  increasing  f.  The  generation  of  L-mode  waves  is  thus  restricted  to 
1-he  lower  portion  of  the  D  region,  while  R-mode  waves  can  be  generated  at  any  altitude. 

(6)  Mode  coupling:  Since  the  vertical  scale  lengths  for  electron  density  and  collision  frequency  changes 
are  much  smaller  than  the  free  space  wavelength,  mode  coupling  should  be  significant,  even  though  the 
critical  coupling  condition  cannot  be  satisfied  for  the  frequency  range  and  the  geometry  of  our  experi¬ 
ments  Inspection  of  Equ  (19.2)  of  HUDDEN  (1961)  shows  that  mode  coupling  should  be  strongest  in  the 
vicinity  of  the  X-Z  level  (X  -  m  «  h*  ,  7.  -  v^/i.i)  since  Max(X,7.)  »  1  and  since  the  scale  lengths  for  X  and 
7  arc  of  the  same  order  of  magnitude. 

(7)  Wave  guide  resonance:  Constructive  interference  of  the  primary  F.T.F-VLF  wave  and  the  secondary  earth- 
ionosphere  reflected  waves  should  give  rise  to  approximately  equally  spaced  maxima  in  the  B(f)  curve.  Since 
the  horizontal  dimension  of  the  radiating  iononpheric  portion  (~  25  km)  is  typically  much  less  chan  the  free 
space  wavelength,  B  should  drop  ns  1 /r  (r  -  distance  from  the  source  region),  provided  2nr  »*.  Otherwise, 

B  drops  more  sharply  than  1/r.  Thus,  the  enhancement  of  the  maxima  relative  to  the  average  level  is  at  the 
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(H  R  -  earth  and  Ionosphere  reflection  coefficient,  respectively).  Tt  iu  assumed  in  this  simple  expres¬ 
sion  tfiat  the  source  altitude,  zy  ,  and  the  reflection  altitude  are  equal.  The  maxima  occur  at  the  ire- 


quencies  f.  -  nc/2z  (n  -  1,2,...)*  With  z  =  75  km,  which  is  probably  a  reasonable  guess,  the  first  maxi¬ 
mum  occurs  at  2  kHz. 

Although  ail  of  the  mechanisms  and  agents  discussed  here  are  simple  to  understand,  their  joint  action  may 
lead  to  very  complicated  B(f)  carves,  and  it  will  be  difficult  to  interpret  any  given  B(f)  curve  in  a  unique 
fashion.  A  detailed  knowledge  of  the  N  (z)  profile  would  be  required  for  this  task,  but  unfortunately  elec¬ 
tron  density  profiles  were  not  available  to  us  for  the  period  of  the  experiments  reported  here. 

Let  us  now  turn  back  to  the  experimental  results.  In  looking  through  Figs.  1  -  4,  wc  notice  that  almost  all 
of  the  curves  possess  very  pronounced  peaks,  roughly  at  multiples  of  2  kHz.  Phase  spreading  of  the  R-mode 
wave,  in  conjunction  with  mode  coupling,  and  wave  guide  resonance  arc  possible  candidates  to  explain  this 
feature.  Thane  spreading,  however,  should  be  much  more  variable,  and  it  would  be  difficult  to  explain  why 
the  first  maximum  almost  always  lies  close  to  2  kHz.  We  therefore  tend  to  believe  that  the  main  peaks  in 
the  B(f)  curves  are  due  to  wave  guide  resonance.  Intermediate  maxima,  which  can  be  seen  in  some  of  the  curves, 
could  however  be  due  to  phase  spreading.  Since  the  results  shown  here  were  collected  within  4  day3,  it  is 
well  possible  that  the.  ionospheric  conditions  were  rather  similar  within  these  days,  and  it  is  likely, 
therefore,  that  at  other  periods  phase  spreading  could  turn  out  to  be  more  important.  Previous  results 
(STITOBK,  KOPKA  and  DOWDEN,  1981),  obtained  with  one  loop  (and  thus  not  decomposed  into  R-  and  L-mode) , 
give  support  to  this  expectation. 

Another  consistent  feature  is  the  striking  similarity  between  the  R  and  L  curves.  This  speaks  Cor  the  im¬ 
portance  of  mode  coupling.  Without  mode  coupling,  we  would  expect  widely  different  K  and  L  results  because 
of  the  large  differences  in  the  refractive  indices.  Fig.  4  shows  the  two  most  dissimilar  cases  found  in  our 
Oct.  81  data,  but  even  there  a  correspondence  of  the  main  features  exists. 

Fig,  1,  showing  Bff)  for  (100/0),  (50/0)  and  (100/50)  modulation,  depicts  a  typical  case:  The  (50/0)  sweep 
is  more  than  half  as  strong  as  the  (100/0)  sweep  and  is  also  stronger  than  the  (100/50)  sweep.  This  can  be 
understood  in  terms  of  the  sel f-absoption  mechanism  and  of  the  nonlinear  relation  between  T  and  ERP  as  out¬ 
lined  in  section  (1). 

In  Fig.  2,  a  comparison  is  presented  of  B(f)  for  x-niode  and  o-inode  heating.  We  notice  that  x-mode  heating 
causes  much  stronger  KLF-VLF  signals  than  o-mode  heating.  The  general  features  of  the  two  sets  of  curves, 
however,  arc  quite  similar.  Only  the  maxima  around  5  kHz,  appearing  in  the  o-mode  curves,  are  absent  in  Lbe 

x-modc  curves.  Since  x-mode  heating  is  more  efficient  than  o-mode  heating  around  the  altitude  where  the 

peak  occurs,  but  less  efficient  at  higher  altitudes,  we  may  conclude  that  Fig.  2  corresponds  to  a  situation 
in  which  the  source  current  peak  lies  close  to  the  Tc  peak.  It  is  conceivable  that  in  an  ionosphere  with  less 
ionization  in  the  lower  D  region  and  more  ionization  in  the  upper  I)  region  o-inode  heating  gives  rise  to 
stronger  ELF-VLF  signals  thau  x-mode  heating,  but  this  remains  to  bo  seen  in  future  experiments. 

Fig.  3  shows  two  atypical  eases.  While  usually  the  first  two  peaks  in  the  8(f)  curves  are  of  comparable 
strength,  wc  have  here  a  c  early  dominating  second  peak  in  the  upper  panel  and  a  dominating  first  peak  in 
the  lower  panel.  Such  transitory  behaviour  lasts  Tor  about  30  to  60  min,  whereupon  the  B(f)  curves  return 
to  their  normal  shapes  in  which  they  may  persist  for  man-**  hours. 

Recently  we  have  been  able  lor  the  first  time  to  detect:  ELF  signals  at  frequencies  around  10  Hz,  using  the 
inicropul sation  loops  described  above.  Fig.  5  shows  a  spectrum  oT  such  in  the  upper  panel  and  B  versus  time, 
obtained  with  a  synchronous  detector  wi tli  I  Hz  bandwidth,  in  the  lower  panel.  From  what  we  have  learned  thus 

far,  these  signals,  when  they  occur,  can  be  as  strong  or  even  stronger  than  the  ELF-VLF  signals  in  the 

hundreds  of  Hz  to  several  kHz  range.  However,  while  the  latter  can  be  excited  at  any  time  when  the  magneto¬ 
meters  indicate  the  presence  of  an  ionospheric  current,  the  first  require  rather  special  ionospheric  con¬ 
ditions  to  be  excited.  We  have  not  yet  been  able  to  fully  del  ermine  these  conditions,  but  it  appears  that 
strong  magnetic  disturbances  are  not  favourable,  probably  because  th«y  are  accompanied  by  strong  ionization 
in  tl»e  lower  I)  region.  This  would  prevent  efficient  heating  of  the  upper  1)  region  and  E  region  from  where 
these  signals  are  expected  to  originate. 
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Upper  panel:  ELF  spectrum,  showing  a  sharp  line  at  the  the 
modulation  frequency  12  Hz.  Lower  panel:  Amplitude  of  12  Hz 
signal  vs.  time.  The  heater  was  on  9  minutes  and  off  1  minute. 
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DISCUSSIGN  EPP  PALL  81  MEETING 
MEDIUM,  LONG,  AND  MERY  LONG  WAGE  PROPAGATION 
(AT  FREQUENCIES  LESS  THAN  3000  KHZ) 


SESSION  1 

PAPER:  1  -  The  Propagation  Medium  -  An  Overview 
AUTHOR :J.  S.  Bel  rose 
COPtTENTERiE.  R.  Sc  timer  ling 

QUESTION:  We  all  understand  what  a  disturbed  day  is.  What  is  your  criteria  for  a  quiet  Jay? 
Many  years  ago  Dr.  Becker  showed  an  example  of  the  quietest  nights  he  could  find  using  the  Kp 
index  as  a  criteria.  On  two  occasions  during  the  course  of  the  night,  the  bottom  cf  the 
ionosphere  was  lifted  up  and  lowered  by  50  kilometers  in  a  period  of  3  hours. 

RESPONSE-.It  is  easy  to  pick  a  quiet  day  in  summer,  its  a  day  under  regular  solar  control  and 
there  have  been  no  geophysical  disturbances,  mainly  measured  by  the  parameter  of  magnetic 
storminess  for  several  days  prior.  In  winter  it  is  not  very  easy  because  as  I  said  there  is  a 
variability  that  goes  an  which  is  not  correlated  with  magnetic  activity.  We  have  winter  days 
of  anomalous  absorption  during  periods  when  there  has  been  no  magnetic  storms  for  ten  to  twenty 
days  before-hand.  Our  quiet  day  was  a  dayi  (1)  with  low  electron  densities  at  low  heights;  (2) 
no  magnetic  storms  for  at  least  15-20  days  before;  (3)  no  outbursts  from  the  sun  on  the  day 
chosen;  and  (4)  the  electron  production  and  loss  processes  were  unoer  regular  solar  control, 
that  is  the  ionization  density  varied  regularly  with  the  solar  2enith  angle.  The  first  criteria 

was  the  one  that  selected  the  kind  of  days  we  called  "quiet.* 

The  parameter  observed  was  the  ratio  between  the  two  magneto-ionic  components  in  a  partial 
reflection  experiment  Ax/ArJ  at  76  Kilometers. 

In  other  words  the  days  chosen  had  small  electron  densities  below  ?6  Kilometers. 

PAPER:  2.  STUDIES  OF  THE  D-REGION  BY  THE  PARTIAL  REFLECTION  OF  MF-RADIO  WAVES 
AUTHOR:  W.  Flood 
CUtt-IENTER:  J.  S.  Bel  rose 

COMMENT:  I  would  agree  with  Prof.  Flood  that  sane  echoes  partially  reflected  from  the  D-region 
have  the  appearance  of  volume  scattering.  This  is  desirable  since  the  experiment  works  best  if 

you  have  a  continuous  distribution  of  echoes  from  all  heights.  When  we  were  studying  quiet 

days,  however,  some  of  the  profiles  I  showed  where  determined  on  quietest  days  when  the 
ionosphere  was  under  regular  solar-  control,  and  there  were  no  disturbances,  many  of  these  days 
were  plagued  by  reflections  from  discrete  heights.  You  have  both  kinds  of  data,  it  really 
depends  on  what  is  going  on  the  D-Region.  Of  course  this  is  oven  Ottawa.  I  know  Ottawa  data 
best.  It  is  very  difficult  to  unambiguously  interpret  the  data.  When  you  see  there  are  small 
inflections  on  the  Ax  variation  as  a  function  of  height  which  occur  regularly,  we  have  been 
very  careful  analyzing  the  data  to  deduce  electron  density  under  those  conditions  An  additional 
problem  is  the  finite  pulse  width.  Some  of  our  data  were  deconvoluted  to  get  rid  of  the  pulse 
width  problem,  but  you  cannot  arbitrarily  deconvolute  data  when  you  have  preferred  heights.  If 
you  read  the  Coyne  and  Belrose  paper  and  the  Montbreand  and  Belruse  paper  on  the  subject 
addressing  quiet  day  electron  densities  and  effective  electron  loss  rates,  you  will  find  that 
we  were  very  careful  on  how  we  analyzed  the  data  in  presence  of  preferred  heights. 

RESPONSF:  I  have  looked  at  some  data  from  Brazil  and  more  recently  from  Red  Lake,  Canada,  and 
also  some  data  from  Montpeil,  New  Zealand.  If  I  exclude  the  data  from  Red  Lake,  most  of  it 
seems  to  follow  the  Raleigh  hypothesis  which  would  be  expected  for  volume  scattering.  Looking 
at  the  February  eclipse  data  of  197y,  its  remarkable  that  anyone  could  operate  the  experiment 
in  Canada.  I  congratulate  you  on  being  able  to  do  that.  That  data  is  certainly  very  different 
from  anything  I  have  ever  seen  before. 

PAPER:  2.  STUDIED  OF  THE  D  REGION  BY  THE  PARTIAL  REFI  F.CTION  OF  HF  RADIO  WAVES, 

AUTHOR:  W.  Flood 
COMMENTER:  T.  B.  Jones 

QUESTICM:  ).  One  of  the  major  criticisms  of  the  cross-correlation  analysis  is  the  assumption 
of  a  specular  reflection.  The  Fourner  analysis  you  have  applied  to  some  extent  overcomes  this 
difficulty.  Could  you  please  comment  on  the  influence  of  mu  I  ti -ref  1  ec  t  i  on  on  your  data  arid  on 
the  integration  times  you  applied  to  your  data?  Did  you  consider  isolating  the  dominant  signal 
component  by  Doppler  filtering  or  come  other  technique? 

2.  Did  your  results  give  any  indication  of  a  turbulent  layer  at  the  GO  -B5  kilometer  level?  It 
sc  how  did  you  interpret  the  results  from  such  reflections? 

RESPONSE:  1.  If  the  reflections  from  the  upper  atmosphere  were  truly  specular,  the  angular 
spectrum  of  the  downcoming  waves  would  be  a  delta  function  (not  necessarily  at  the  zenith 
angle)  and  the  magnitude  of  the  spatial  cross-correlation  function  would  be  unity-at  least  over 
the  range  of  antenna  separations  normally  used  in  drift  experiments.  Consequently  ionospheric 
drifts  could  not  be  measured.  The  drift  experiments  require  the  detection  of  the  drift  of  a 
diffraction  pattern  implying  something  more  than  the  specular  reflections.  The  spatial 
coi  relation  function  should  be  narrow  but  not  so  narrow  that  wide  angular  spectra  are  also 
implied.  Wide  angular  spectra  would  imply  altitude  smearing  in  the  drift  measurements.  In  this 
paper-  we  have  seen  that  above  80  Km  the  aver  age  half  power  semi-cone  angle  is  approximately  13° 
which  implies  that  even  for  very  short  pulse  lengths,  echoes  are  being  received  oxer  an 
altitude  range  of  R(  l-cosl3°)  .  Where  R  is  the  nominal  altitude  of  the  echo. 

In  pa  .sing  [  note  that  cane  angle-altitude  smearing  might  be  r  esponsible  for  the  two  component 
drift  velocities  reported  by  the  investigation  at  Iromso. 

Integration  times  for  cone  angle  as  well  as  partial  reflection  data  varied  from  10  20  minutes. 
Single  magneto-ionic  component  ti  Region  echoes  faded  relatively  slowly  and  five  minutes  of  data 
"integration"  was  necessary  to  get  sufficient  independent  samples  for  meaningful  averages.  The 
longest  runs  were  resfrirted  to  20  minutes.  It  was  difficult  lo  find  periods  which  were  even 
quasi  stationary  for  longer  than  20  minutes. 


I  should  comment  that  during  the  partial  reflection  experiment  we  noted  times  when  during  a  20 
minute  run,  successive  five  minute  runs  showed  quite  different  mean  values  of  A0  for  example. 
Yet  the  AX/AQ  ratios  for  each  five  minute  period  did  not  differ  substantially.  I  think  ten 
minute  averages  are  better  than  five  minute  averages. 

In  terms  of  isolating  the  dimensional  signal  component  by  Doppler  filtering,  I  suppose  you  are 
referring  to  how  we  checked  out  the  von  Biel  system  by  using  "quiet"  E-Region  echoes.  In  that 
case  we  selected  the  obviously  strongest  echo  (stronger  by  10's  of  Db's)  which  had  a  range 
extent  ft  less  than  (say)  6  kilometers.  No  Doppler  filtering  was  used  although  these  echoes 
tpolari^^d  transmission  and  reception)  faded  very  slowly.  For  these  selected  echoes  twenty 
minute  averages  were  employed. 

2.  i  am  not  clear  as  to  what  you  mean  by  a  turbulent  layer  at  80-35  Kilometers.  The  amplitude 
distributions  I've  reported  indicates  that  volume  scatter  from  fluctuations  in  refractive  index 
is  the  most  1 ikel y  mechani sm  for  D-Region  backscatter  at  all  altitudes.  Turbulence  can  easily 
be  adduced  as  the  source  of  the  refractive  index  fluctuation.  This  is  not  to  say  that  the 
turbulence  is  equally  strong  at  all  altitudes.  If  there  were  a  level  of  intense  turbulence  in 
the  region  between  30-85  kilometers  one  might  expect  an  enhanced  return  at  these  altitudes.  My 
first  recollection  of  the  data  is  that  in  terms  of  A0h  the  mean  backscatter  amplitude  as  a 
function  of  altitude,  there  is  no  indication  of  any  such  strong  turbulence  region.  However  on 
my  return  home  I  will  review  the  data  and  if  I  find  any  such  indication  I  will  notify  the 
editor  so  it  car.  be  noted  in  the  proceedings 

PAPER:  3.  ULF/LF  PULSE  REFLECTION  MEASUREMENTS  OF  THE  POLAR  D-REGION  DURING  QUIET  AND  DISTURBED 
IONOSPHERIC  CONDITIONS 
AUTHOR!  J.  P.  Turtle 
COMMENTER;  E.  R.  Swanson 

QUESTION:  The  absolute  heights  you  give  depend  on  the  calculation  of  the  grouridwave  delay. 
Given  the  extremely  low  ground  conductivity  in  the  area,  calculation  of  ground  wave  delay  could 
be  difficult  or  perhaps  somewhat  uncertain.  Is  this  a  practical  limitation  in  height  accuracy? 
RESPONSE:  Our  transmitter  and  receiver  in  Greenland  are  separated  by  106  kilometers,  and  due  to 
the  fact  that  the  skywave  travels  a  longer  path,  because  of  our  short  pulse,  the  ground  wave  is 
received  considerably  before  the  sky  wave  and  for  this  short  separation  between  transmitter  and 
receiver  we  do  not  need  to  calculate  the  transmission  time  for  the  ground  wave.  I  had  not  made 
clear  how  close  our  stations  were  to  each  other. 

PAPER!  3.  VLF/LF  PULSE  REFLECTION  MEASUREMENTS  OF  THE  POLAR  D-REGION  DURING  QUIET  AND  DISTURBED 
IONOSPHERIC  CONDITIONS 
AUTHOR!  J.  P.  Turtle 
COMMENTER:  J.  S.  Be I  rose 

CQM1ENT:  I  would  like  to  comment  on  two  points  relatirg  to  your  observations  in  winter,  where 
at  Thule  the  sun  never  rises.  These  comments  are  based  on  our  partial  reflection  observations 
made  at  Resolute  Bay  during  the  Arctic  winter  and  observations  made  at  Cambridge,  England 
where  the  phase  height  of  reflection  of  ULF  waves  <16  Hr)  steeply  incident  on  the  ionosphere 
was  measured. 

The  first  point  is  that  while  electron  production  rates  at  night  are  small,  they  are  sufficient 
to  maintain  electron  densities  large  enough  to  reflect  VLF  waves.  Ionization  of  NO  by  Lyman 
alpha  in  the  night  glow  is  the  most  likely  source  of  ionization,  and  therefore  we  would  expect 
that  there  would  he  a  smell  daily  variation  of  ULF  phase  heights  at  night  in  December.  When  the 
night  is  longest  and  the  variation  can  be  observed. 

The  second  point  relates  to  the  reflection  heights  at  night  in  winter  and  summer.  Since  the 
height  of  a  constant  pressure  isopath  is  lower  in  winter  than  in  summer  we  can  expect  that  the 
reflection  heights  will  be  lower  in  winter  than  in  summer.  A  given  electron  production  rate 
occurs  at  a  given  pressure  lovel  rather  than  a  given  height. 

PAPrVj  3.  VLF/LF  PUL 31  REFLECTION  MEASUREMENTS  OF  THE  POLAR  D-REGION  DURING  QUIET  AND  DISTURBED 
IONOSPHERIC  CONDI  I IQNG 
AUTHOR:  J.  P.  Turtle 
COMMENTER:  W.  C.  Bain 

QUESTION:  You  say  in  your  paper  that  in  undisturbed  conditions  there  will  be  no  reflections 
from  heights  below  70  km.  However  in  the  literature  'mu  have  given  results  taken  on  your  system 
in  the  Eastern  United  States  and  they  showed  marked  reflections  at  these  heights.  I  believe 
that  jn  the  U.  3.  you  had  a  longer  path-length.  Do  you  think  that  the  absence  of  these 
reflections  in  Greenland  is  due  to  the  short  path  used  there  or  to  a  real  different*  in  the 
i onosphere? 

RESPONSE:  The  measurements  referred  to  in  the  Eastern  U.  3.  which  show  daytime  reflections 
below  70  km  were  made  on  a  260  Km  transmission  path.  The  Greenland  measurements  were  made  on  a 
106  Km  path  with  thus  a  much  steeper  ionospheric  incidence  angle.  The  absence  of  observed 
reflections  below  70  km  in  Greenland  is  most  probably  due. .to  the  steep  incidence  angle  rather 
than  a  real  ionospheric  different  . 


PAPER*?.  ULF/LF  PULSE  REFLEX  1 1  UN  MEASUREMENTS  OK  THE  POLAR  0  REGION  DURING  QUIET  AND  DISTURBED 
IONOSPHERIC  CONDITIONS 
AUTHOR:  J.  P.  Turtle 
CQMMENI ER:  r.  J.  Kelly 

*  CUM1ENT :  1  would  like  to  comment  on  the  scattered  Lyman  Alpha  effect  fhat  contributes  to  the- 


D -Layer.  The  normal  terminology  for  the  scattering  body  is  the  Geo-Corona.  1.9.  The  local 
hydrogen  gas  cloud  around  the  earth. 
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PAPER:  3.  VLF/LF  PULSE  REFLECT  I  ON  MEASUREMENTS  UP  THE  POLAR  D -REG l ON  DURING  QUIET  AND  DISTURBED 
IONOSPHERIC  CONDITIONS 
AUTHOR*  J.  P.  Turtle 
COMMENTER:  J.  Aarons 

QUESTION:  What  is  the  effect  of  solar  cycle  on  your  data0 

RESPONSE:  A  prei  iminary  comparison  of  our  ULF  lonosoundiny  data  between  1<376  (low  solar 
activity)  and  1980  (high  aol ar  activity)  has  been  made.  This  indicates  somewhat  lower 
reflection  heights  but  similar  reflection  coefficients  with  increasing  solar  activity. 

PAPER:  3.  ULF/LF  PULSE  REFLECTJtN  MEASUREMENTS  OF  THE  POLAR  0-REGICN  DURING  QUIET  AND  DISTURBED 
I ONOSPHE R I C  COND I T I  ON3 
AUTHOR:  J.  P.  Turtle 
COMMENTER:  J.  8.  Reagan 

QUESTION:  The  data  presented  for  the  June  %»«  1979  SPE  indicate  that  no  diurnal  variation  occurs 
at  approximately  40  km  altitude  even  though  such  variation  occurs  during  a  normal  day. 
Chemistry  modeling  arid  electron  density  measurements  made  in  the  0-Region  during  the  large  SPE 
of  4  August  1972  clearly  indicate  a  diurnal  variation  ( 3ee  the  paper  #33  by  Reagan  et  a  I  at 
this  meeting)  at  40km  altitude.  Could  you  explain  this  apparent  discrepancy  in  results? 

RESPONSE;  The  reflection  of  the  ULE  ionosoundi ng  pulse  occurs  at  an  electron  density  of  about 
2CI*  300/cm.  t.  The  diurnal  variation  ref  tired  to  by  Reagan  (Figure  5  Paper  33)  remained  well 
above  this  level.  It  is  possible  that  the  ULE  lunosoundei  is  too  sensitive  to  have  recorded 

th  1  s-  var  1  at  1  on . 

PAPER;  4.  THE  INFLUENCE  0L  PRECIPI1 AT  IMG  ENLRGFT 1 C  PARTICLES  ON  f HE  PRUPAC^TION  MEDIUM 
AUTHOR:  W.  L.  Imhof 
COMMENTER:  I .  J.  Kelly 

QUEST ICN*  1.  In  cosmic  rays  !  understand  there  is  a  phenomenon  called  a  For  bush  decrease,  which 
is  supposed  to  be  typi<  al  «>f  disturbed  conditions7 

2.  Is  there  some  computer  program  generally  available  to  give  models  of  the 

ionosphere  ver  aus  incident  particle0 

3.  On  the  solar  protons  you  mentioned  a  cutoff  latitude.  Should  there  a'  so  be  a 

longitudinal  variation0 

4.  Does  the  model  in  which  cutoff  latitude  varies  with  k^,  depend  on  the  whole 
magnetic  Meld  flipp'ng  and  the  magnetopause  changing  its  location? 

5.  I  always  thought  of  the  Mitoff  latitude  as  being  dependent  an  the  particle  energy0 

6.  How  is  that  affected  by  a  solar  flare0 

RESPONSE:  1.  Y»»s,  this  is  collect,  it  does  have  an  offer  t  on  the  cosm-i  ray  density. 

2.  The  energy  deposition  profiles  that  1  showed  were  calculated  with  some  computer' 

programs  available  at  our  laboratory  (called  AURORA  programs) ,  this  takes  into  account  the 

electron  scattering  as  well  as  the  Dr enstrah I ung  produced  by  the  electrons.  There  are  also 

codes  available  for  calculating  the  enei  gy  deposition  fr om  solar  protons  as  well.  These  are 

gen  er  ally  ava  1 1  ab  I  e . 

7.  There  is  a  longitudinal  variation  in  the  *ense  that  the  magnetic  latitude  is  at 
different  geographic  latitude  depending  on  the  longitude  at  which  you  are  located,  because  of 
the  offset  in  the  earth's  magnetic  field.  There  is  also  of  course  a  local  time  variation. 

4.  The  dat*»  l  sh'Hged  were  actual  measurements  and  just  a  least  squares  fit  to  the 
data.  There  are  calculations  which  have  been  made  by  5m  a  r  t  and  others,  that  do  calculate  this 
cutoff  latitude.  It  generally  has  been  consistent  with  measurements. 

5.  The  cutoff  latitude  is  just  in  simple  terms  a  matter  of  the  gyro-iadius  of  the 
particles  and  how  low  111  latitude  they  can  hive  access,  but  the  local  time  var  iations  do  depend 
on  thp  details  of  the  earth's  magnetic  field. 

A.  The  earth's  magnetic  field  also  changes  and  there  is  a  local  time  dependence. 

COM-IENT  ilJNKNQNN  :The  phenomena  that  changes  the  rutoff  latitude  during  a  large  solar  particle 
even t  1'  the  fart  that  the  1 ow  energy  plasma  fr  <xn  the  sun  disturbs  the  earth's  magnetic  field 
greatly.  It  opens  up  the  polar  cap  and  brings  it  down  to  lower  latitudes.  The  high  energy  solar 
particles  can  then  penetrate. 

PAPER:  4,  THE  INFLUENCE  OF  PRECIPITATING  ENERGETIC  PARTICLES  ON  THE  PROPAGATION  MEDIUM 
AuiHUic  11.  I  .  imhof 
UJJMENl ER j  Mr.  P.  A.  Kos&ey 

QUEST  I  CM:  There  is  a  latitudinal  effect.  Proton  dumps  that  occur  at  1  ow  latitudes,  particularly 
around  the  ..mith  Atlantic  anomaly  where  the  magnetic  field  is  particularly  weak.  These  effects 
1  believe  tend  to  occur  after  the  effects  are  noticed  in  the  Polar  Region,  Do  you  have  an 
estimate  on  what  the  relative  effect  might  be  in  the  vicinity  of  the  south  Atlantic  anomaly'7 
RFSPONSE:  Those  events  Jon ' t  af*ect  directly  the  entry  of  solar  protons,  but  are  more 
associated  with  protons  trapped  in  the  earth  s  radiation  belts  where  the  field  lines  are  such 
that  high  energy  protons  can  get  to  the  lowest  altitude  in  the  region  of  the  south  Atlantic 
anomaly.  At  the  times  of  large  magnetic  storms  although  it  is  not  known  m  detail  there  is 
evidence  of  moi  e  precipitation  octmring.  But  there  are  of  different  origin  than  the  dir  ect 
access  from  the  sun. 

PAPER:  S.  VLF/IF  PUl.SE  REFLElTI  rtl  STUDIES  OF  THE  DA  HI  ME  C  LAYER  OF  7  HE  LOWER  IONUSPIHRE 
AUTHOR:  MR.  P.  A.  Kossey 
EUMMENTER:  J.  B.  Reagan 

QUESTION:  The  r -Layer  behavior  that  ynu  describe  including  the  diurnal,  seasonal  and  solar 

cycle  variations  may  be  explained  by  the  variations  hi  atomic  oxygen  at  the  reflection 
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altitudes  that  you  measure  rather  than  changes  in  cosmic  ray  intensity.  Neutral  and  ion 
rhemi strv  model ing  work  performed  at  our  laboratory  has  shown  the  important  relationship 
between  the  concentration  of  atomic  oxygen  in  the  lower  D-Region  and  the  resulting  electron 
densi ty. 

RESPONSE:  In  this  complex  region  of  the  ionosphere  I  suspect  that  there  are  a  number  of 

processes  which  contribute  to  the  variability  of  our  pulse  reflection  data.  Your  comment  on 

atomic  oxygen  concentrations  and  how  changes  related  to  them  may  partially  account  for  our 
results  is  very  interesting.  However,  I  believe  that  in  addition  to  such  effects,  there  are 
changes  in  the  cosmic  ray  intensity.  Particularly  over  the  solar  cycle  and  with  latitudes 
which  also  contribute  subst;  .tially  to  the  variability  in  the  pulse  reflection  data. 

PAPER:  5.  ULF/LF  PULSE  REFLECTION  STUDIES  OF  THE  DAYTIME  C-LAYER  OF  THE  LOWER  IONOSPHERE 
AUTHOR:  P.  A.  Kossey 
COMIENTER:  W.  C.  Bain 

QUESTION:  I  should  like  to  comment  on  the  relation  between  seme  of  these  results  and  earlier 

measurements  on  CLF  Propagation.  I  think  Kossey  reported  that  he  saw  much  less  o*  this  layer 

at  63  kilometers  in  the  summer  than  in  the  winter.  On  the  old  measurements  of  propagation  at 
16KHz  near  vertical  incidence,  in  fact,  the  signals  were  a  good  deal  stronger  in  the  winter 

than  in  the  summer.  Now  if  you  ascribe  this  difference  to  the  presence  of  some  absorbing  1  ayer 

which  is  a  bit  lower  down  than  the  main  reflection  level  for  steep  incidence  waves,  this  would 
indicate  that  the  C-Layer  was  rather  weaker  in  the  winter  than  in  the  summer  which  seems  to  be 

the  wrong  way  around  to  tie  up  with  these  observations  and  clearly  any  explanation  would  have 

to  take  this  into  account.  I  might  just  mention  that  though  Kossey  suggested  that  perhaps  the 
ionization  had  moved  downwards  in  the  summer  from  63  Kms.,  perhaps  a  similar  effect  could  be 
obtained  by  spreading  it  out  so  that  the  gradients  were  rather  smaller  in  the  summer. 

RESPONSE:  Yes,  I  think  that's  right.  I  wanted  to  make  a  very  clear  point  that  we  are  observing 

pulse  reflections  and  what  we  see  is  in  some  ways  tied  to  the  geometry  of  the  experiment  and 

tho  frequencies  contained  within  the  pulse,  which  we  can  translate  then  if  you  like  into  an 
effect  of  conductivity  that  we  might  be  able  to  detect  or  not  detect  by  pulse  reflection.  The 

absence  of  reflection  could  be  either  explained  by  changes  in  density  with  altitude  or  in  terms 

of  reflection  properties,  change  in  gradient.  This  is  a  very  important  point  you  made. 

PAPER:  6.  VLF -ATMOSPHERICS  AS  A  TOOL  FOR  PROBING  VLF -PROPAGAT I  ON  CONDITIONS 
AUTHOR:  J.  E.  Schafer 
COMIENTER:  E.  R.  Swanson 

QUESTION:  With  your  multiple  receiver  locations  you  should  also  be  able  to  locate  thunderstorms 
by  the  intersections  of  bearing  lines.  Has  this  been  done  and  compared  with  the  results  you 
usual  1 y  obtain? 

RESPONSE:  By  cross-bearings,  yes.  That  has  been  one  of  our  main  aims.  We  have  our  station,  at 
such  distances  that  we  can  make  cross  bearings,  as  many  as  possible,  to  optimize  our  VLF 
propagation  model.  That?  the  main  aim,  to  use  these  exact  determinations  of  location  for  a 
better  understanding  of  the  propagation  model . 

PAPER:  6.  ULF-ATMOSPHERICS  Ac  A  TOOL  FOR  PROBING  ULF-PROPAGATl ON  CODITIONS 
AUTHOR:  J.  E.  Schafer 
COMIENTER:  I.  Fonteyne 

QUESTION:  La  question  que  je  voulais  poser  e'etait  sur  le  determination  de  1 'angle  de  1 'azimuth 
de  I'eclaire?  Comment,  je  n  l  pas  bien  compris  quel  est  le  principe  qui  dans  1'antenne  fait 
que  on  peu  determiner  I 'azimuth  de  l'antenne,  la  diiection  dans  la  quelle  est  1 'eclair? 

La  deuxieme  question  qui  est  liee  a' cel  a,  est-eeque  la  dispersion  que  I 'on  voi t  sur 
I 'azimuth  et  la  courbe  en  cloche  Gaussian,  n'est  pas  ^implement  une  erreur -  1 ' erreur  de  mesure 
de  la  direction,  autrernent  dit  est-ce-que  la  zone  d'£clair  n'est  pas  vraiment  tres  i.onstante, 

plus  constants  que  vous  ne  le  pensiez,  et  est*ce*que  la  dispersion,  la  courbe  en  cloche 

“Gaussi an"  que  nous  avions  n'est  pas  due  a  1 'erreur  de  mesurp. 

RESPONSE;  1.  We  used  conventional  direction  finding  techniques  with  two  crossed  loops  and  the 
basis  of  such  measurements  are  of  course  the  fact  that  the  magnetic  field  is  horizontal  and 
directed  orthogonal  to  the  direction  of  propagation. 

2.  It  might  be  possible  of  course  that  we  have  some  measurement  errors  but  as  you 
have  seen,  the  deviations  to  the  right  and  to  the  left  side  are  more  or  less  equal.  The  shape 

of  th.  distribution  can  be  quite  well  fitted  with  a  normal  distribution.  That  shows  us  that  the 
errors  are  more  or  less  random.  It  does  not  matter  if  there  are  errors,  it  we  have  sufficient 
pulses,  say  two  per  minute  for  20  minutes.  That  is  often  enough  to  determine  the  peak  value. 
Random  disturbances  should  not  matter. 


PAPER:  7.  THE  HIGHER  ORDER  MODE  IN  THE  LOWER  ULF -RANGE  MEASURED  AT  MEDIUM  DISTANCES 
AUTHOR ;  W.  Harth 
COMIENTER  :  B.  Burgess 

COMMENT i  The  round  trip  delav  measurements  that  you  shewed  are  compared  with  Wait's  night  time 
model.  They  seem  to  be  similar  to  measurements  we  have  made  on  the  OMEGA  transmissions  of  10.2 
to  11,3  arid  13.6  Kilohertz.  The  measurements  we  made  at  night  time  flying  eastward  indicated 
that  the  modal  interference  extended  out  to  6  or  7000  kilometers.  Note  that  Wait's  models  did 
not  fit  that.  I  am  wondering  how  dependent  you  are  on  the  model  for  interpretation  of  results. 
It  might  be  a  point  worth  looking  into. 

RESPONSE  :  Of  course  there  are  a  lot  of  mode's  which  are  more  sophisticated  than  Wait's  model, 
tut  the  advantage  of  Wait's  model  is  that  it  is  a  simple  model  and  we  can  work  with  it.  On  the 
other  hand  thunderstorms  art?  not  fixed  transmitters.  The  change  of  the  transmitter  itself  and 
also  the  geographical  distribution  and  size  of  the  cloud  and  the  source  itself  give  us  to  much 
inaccuracy  in  our  calculations.  So  we  can  say  the  model  is  good  enough  for  practical  purposes. 
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PAPER:  7.  THE  HIGHER  ORDER  MODE  IN  THE  LOWER  VLF -RANGE  MEASURED  AT  MEDIUM  DISTANCES 
AUTHOR:  W.  Harth 
COPMENTER:  E.  R.  Swanson 

COMMENT :  I  would  not  particularly  question  your  application  ot  Wait's  results  tor  daytime 
conditions.  However,  at  night  I  share  some  ot  the  concern  ot  Burgess.  In  particular  the  mode 
constants  show  complicated  variation  with  path  orientation  and  latitude. 

PAPER  S  i  SIMULATED  WAVE  PARTICLES  INTERACTIONS  DURING  ELF-VLF  TRANSMISSIfN 
AUTHOR  :  M.  Garnier 
QUESTIONER  :  W.  Harth 

QUESTION  :  On  your  slides  was  it  Frequency  versus  power  spectrum  or  time  and  occurrence? 

RESPONSE  :  It  was  Frequency  versus  spectral  amplitude. 

PAPER  ?  :  GENERATION  OF  ELF  AND  VLF  WAVES  BY  MODULATED  HF  HEATING  OF  THE  POLAR  ELECTROJET 
AUTHOR  :  P.  Stubbe 
QUESTIONER  :  R.  H.  Doherty 

QUESTION  :  Does  this  phenomena  occur  all  the  time  or  sometimes,  it  sometimes  what  is  the 
percentage  of  time.? 

RESPONSE  :  1  should  have  said  that.  It  depends  very  much  on  the  magnetic  activity.  The 
correlation  between  VLF  strength  and  magnetic  activity  as  far  as  we  see  it  on  our  magnetometer 
is  an  overall  good  correlation,  though  not  in  detail.  When  there  is  strong  magnetic  activity 
then  we  have  strong  signals.  If  we  want  to  have  strong  signals  at  low  activity  then  we  have  to 
work  with  a  higher  power.  We  get  some  signal  almost  all  the  time  it  is  seldom  that  it  is  dead 
silent,  but  the  strength  ot  the  effect  depends  strongly  on  the  magnetic  activity,  that  is  on 
the  strength  of  the  current  flowing  in  the  E-Layer. 

PAPER  ?  :  BENE  RAT  I  df  OF  ELF  AND  VLF  WAVE?  BY  MODULATED  HF  HEATING  OF  THE  POLAR  ELECTROJET 
AUTHOR  :  P.  Stubbe 
QUESTIONER  •.  J.  S.  Belrose 

QUESTION  :  1.  Was  it  day  or  night  when  you  made  your  observations? 

2.  Thinking  back  to  the  early  days  of  the  Luxemburg  experiment,  where  a  high  power 
low  frequency  radio  transmission  modulated  another  low  frequency  transmission,  the  time 
constant  of  the  ionosphere  with  which  the  electron  temperature  can  follow  the  frequency 
modulation  on  the  radio  wave  is  on  the  order  of  AO  microseconds  at  70  KiN  meters  and  2 
milliseconds  at  85  Kilometers.  Two  Kilahertx  was  roughly  the  maximum  frequency  at  which  the 
electron  temperature  could  follow  the  radio  waves  at  heights  around  85  kilometers.  You  were 
showing  frequencies  well  in  excess  of  that. 

RESPONSE  :  i.  That  is  not  critical.  When  there  is  magnetic  activity  we  get  this  effect. 

2.  These  are  the  characteristic  times  based  on  the  coefficients  one  finds  in  current 
literature  and  so  represent  the  best  of  present  knowledge  in  these  characteristic  times.  It 
goes  from  10 - *  sec  at  SO  kilometers  to  10-3  at  90  kilometers.  From  the  standpoint  o 
f 

characteristic  time  there  is  no  reason  why  we  should  not  be  able  to  excite  a  few  kilohert'. 

PAPER  ?  :  GENERATION  OP  ELF  AND  VLF  WAVES  BY  MODULATED  HF  HEATING  OF  THE  POLAR  ELECTROJET 
AUTHOR  :  P.  Stubbe 
QUESTIONER  i  T.  B.  Jones 

QUESTION  :  Very  interesting  work.  I  wonder  whether  it  was  possible  to  excite  sane  of  these  VLF 
waves  into  the  Whistler  Mode  and  whether  you  had  looked  for  this? 

2.  Where  is  the  conjugate  point  to  Tromso?  If  you  looked  in  the  other  hemisphere? 

3.  If  people  can  excite  whistlers  from  places  like  Siple  it  seems  you  could  certainly  do  it 

with  "an  antenna"  that  high  up  in  the  atmosphere. 

RESPONSE  :  You  mean  upward  propagating  waves.  Our  colleagues  at  Lyngby,  Denmark  who  are  working 
with  GEOS  data  looked  into  this.  But  it  was  at  an  early  stage  when  we  had  relatively  little 
power.  They  looked  at  the  spectrograms  and  did  not  integrate  over  a  long  period.  On  this  basis 
my  answer  is  no.  They  had  not  found  anything. 

2.  The  conjugate  point  is  in  Antarctica.  Dr.  Dowden  who  is  involved  in  this  work  has  access  to 

a  station  at  Mawson  which  is  300  kilometers  from  the  conjugate  point,  this  will  also  be 

activated  for  future  work 

3.  Frcm  a  power  point  of  view  I  would  say  this  is  much  more  than  Siple  can  do.  But  this  does 

not  mean  the  effects  are  much  more  exciting.  I  would  say  the  number  of  ducts  that  we  find  at 

L=3  is  so  low  that  it  is  a  rare  event  to  get  to  waves  into  the  magnetosphere. 

PAPER  9  :  GENERATION  01  ELF  AND  VLF  WAVES  BY  MODULATED  HF  HEATING  OF  THE  POLAR  F.LECTROJET 

AUTHOR  :  P.  Stubbe 
QUESTIONER  :  B.  Burgess 

QUESTION  :  You  were  measuring  on  the  ground  at  a  distance  of  17  kilometers  from  the 
transmitter,  but  have  you  made  observations  at  other  distances? 

RESPONSE  :  We  made  measurements  at  Andalsness  and  Kiruna  which  are  at  distances  of  100  and  300 
km,  and  Penn  State.  The  Penn  State  observations  were  not  certain. 
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OVERVIEW  OF  CLE  PROPAGATION 
Peter  R.  Bannister 

Submarine  Electromagnetic  Systems  Department 
Naval  Underwater  Systems  Department 
New  London,  Connecticut,  06320  Li.S.A 

SUMMARY 

The  extremely  low  frequency  (ELF)  band  (30  to  300  Hz)  has  serious  deficiencies  compared  with  conven¬ 
tional  radio  frequencies.  It  is  characterized  by  a  very  restricted  bandwidth  (low  data  rates)  and  an 
extremely  large  wavelength  (inefficient  antennas),  for  special  applications,  however,  involving  some  of 
the  propagation  paths  conducted  through  rock  or  sea  water,  it  offers  the  possibility  of  communication 
where  conventional  bands  offer  none.  In  the  case  of  long-range  communication  with  submerged  submarines, 
it  can  also  provide  low-loss  highly-stable  propagation  in  the  earth-ionosphere  waveguide. 

This  paper  presents  a  general  overview  of  ELF  propagation.  It  also  compares  recently  derived  simple- 
form  approximate  expressions  (relating  ELF  propagation  constants  to  realistic-ionospheric  conductivity 
profiles)  with  experimentally  derived  results  for  daytime  and  nighttime  propagation  conditions.  Current 
(unpublished)  data  measured,  simultaneously,  in  Connecticut  and  other,  more  distant,  locations  are  pre¬ 
sented  to  elucidate  anomalous  ELF  nighttime  field  strength  degradations. 

PROPAGATION  IN  THE  EARTH-IONOSPHERE  WAVtGUIDE 

The  energy  of  propagation  radio  waves  is  principally  confined  to  the  shell  between  the  earth  and  ion¬ 
osphere;  this  space  is  frequently  denoted  as  the  terrestrial  waveguide,  for  long  waves,  the  effective 
waveguide  height,  h,  is  comparable  to  a  free  space  wavelength,  x,  and  the  characteristics  ot  wave  propa¬ 
gation  are  determined  by  the  properties  of  the  guide  boundaries. 

A  number  of  propagating  modes  have  distinct  cut-off  frequencies  similar  to  those  in  the  microwave 

range.  However,  unlike  the  highly  conducting  guides  of  the  microwave  range,  the  upper  boundary  cf  the 

terrestrial  waveguide  is  diffuse  and  a  poor  conductor;  the  finite  conductivity  of  the  earth's  surface  is 
also  important.  In  the  ELK  range,  h  is  less  than  x  and  only  one  waveguide  mode  propagates.  For  VLF,  h 
exceeds  x  and  there  are  several  propagating  modes.  In  the  LF  range,  the  number  of  significant  propaga¬ 
ting  modes  may  exceed  twenty. 

Several  field  representations  can  be  used  to  characterize  the  terrestrial  propagation  of  radio 
waves.  The  fields  in  a  uniform  spherical  shell  between  the  earth  and  ionosphere  can  he  expressed  as  a 
summation  of  spherical  harmonics,  which  involves  Legendre  polynomials  and  spherical  Bessel  functions  of 
integer  order  n.  This  series  converges  very  slowly.  The  number  cf  terms  required  is  of  the  order  of 
10koa,  where  k0  =  2n/x  and  a  is  the  radios  of  the  earth.  Although  this  series  is  directly  applicable 
in  the  ELF  range,  its  exceedingly  slow  convergence  may  preclude  its  use  at  LF. 

The  Watson  transformation  changes  the  series  of  spherical  harmonics  into  a  residue,  or  inode  series, 
where  the  fields  are  expressed  using  Legendre  functions  and  spherical  Bessel  function  of  complex  order 

v.  Each  term  of  the  mode  series  can  be  identified  as  an  azimuthal  wave  propagating  in  the  @(=p/a)  direc¬ 

tion  with  a  distinct  phase  velocity  and  attenuation  rate. 

At  ELF,  h  is  of  the  order  of  45  to  90  km.  Because  h  is  much  less  than  x,  the  waveguide  is  beluw  cut 
off  for  all  hut  the  lowest  order  mode  (i.e.,  the  TEM  mode).  The  electric  and  magnetic  fields  are  wholly 
transverse  to  the  direction  of  propagation  in  the  TEM  mode,  with  thp  electric  field  vertical  and  uniform 
and  the  magnetic  field  horizontal  and  uniform.  In  practice,  inhomogeneities  and  non— uri i form  surface  con¬ 
ditions  perturb  the  ideal  TEM  field  configuration  and  the  result  is  the  quasi-TEM  mode. 

Attenutation  in  the  earth-ionosphere  waveguide  at  FIE  for  the  quasi-TEM  mode  is  tow,  on  the  order  of  1 
or  2  dB/Mm.  The  effective  conductivity  of  the  ionosphere  (10  5  to  l(WS/m)  is  usually  much  lower 
than  that  of  the  ground  (10-4  to  5  S/m),  and  so  the  surface  impedance  of  the  ground  is  typically  much 
smaller  than  the  surface  impedance  of  the  ionosphere.  Thus,  the  attenuation  in  the  guide  is  attributable 
mainly  to  power  absorption  by  the  ionosphere. 

! he  same  principles  apply  to  radiation  and  propagation  in  the  earth-ionosphere  waveguide  that  apply 
to  radiation  and  propagation  above  a  conducting  half  space.  The  significant  difference  is  the  attenua¬ 
tion  of  the  fields  in  the  atmosphere.  In  the  case  of  the  simple  conducting  half- space,  the  principal 
field  is  essentially  detached  from  the  half  space,  with  the  result  that  the  weakening  it  experiences  as  a 
result  of  leakage  of  its  power  down  into  the  ground  is  negligible,  for  practical  purposes.  In  the  case 
of  the  waveguide,  on  the  other  hand,  the  wave  is  bounded  above  and  below  by  finitely  conducting  media  anil 
is,  therefore,  strongly  ruupled  to  them.  The  ratp  of  power  loss  irto  the  conducting  media  is  then  no 
longer  negligible  compared  with  the  total  power  carried  by  the  propagating  field  within  the  guide.  The 
effect  is  clearly  stated  in  the  expressiun  tor  the  waveguide  attenuation  rate  a,  where  o  is  seen  to  be 
inversely  proportional  to  h.  In  physical  terms,  this  state;  tliaL  the  rate  ot  power  leakage  out  ot  the 
guide  is  proportional  only  to  the  intensity  of  the  field  in  the  guide,  whereas  the  rate  of  power  flow 
along  the  guide  is  proportional  to  the  intensity  of  the  field  and  to  the  volume  of  the  guide.  Thus,  as 
the  guide  decreases  in  height,  the  constant  power  leakage  is  being  subtracted  from  a  smaller  total  power 
flow.  More  rapid  depletion  is  the  result  (Burrows,  1978). 

■  irt  from  this  difference,  the  same  principles  apply.  The  launching  of  the  principal  field  from  a 
vertiial  electric  current  source  and  a  horizontal  magnetic  current  source  proceeds  as  though  the  walls 
were  perfectly  conducting.  (Ihc  same  is  true  of  a  horizontal  electric  current  source  if  it  is  mathemati¬ 
cally  represented  by  its  equivalent  horizontal  magnetic  current  source.)  The  principal  fields  then  prop¬ 
agate  away  from  the  source  region  with  either  negligible  attenuation,  in  the  case  of  the  halt  space,  or 
small  but  definite  attenuation  in  the  case  of  the  guide. 


Thus,  the  principal  fields  directly  provide  the  vertical  electric  field,  Ev,  and  horizontal 
magnetic  field,  H^,  at  the  field  point.  Secondary  field  components  arise  because  the  surface  impedance 
t\q  of  the  ground  is  not  zero.  Therefore,  the  horizontal  electric  field  is  equal  to  Tig  %  and 
perpendicular  to  the  horizontal  magnetic  field,  while  the  vertical  magnetic  field  is  related  to  the 
circulation  of  the  horizontal  electric  field.  The  specific  value  of  the  vertical  magnetic  field  is  often 
uncertain,  since  it  is  sensitive  to  the  lateral  rate  of  change  of  surface  impedance.  It  should  be  noted 
that  the  secondary  fields  are  very  small  in  absj’ute  magnitude  compared  with  the  principal  fields  arid 
are  of  no  practical  significance,  except  in  the  immediate  vicinity  of  the  surface.  They  are  of 
fundamental  importance  at  the  surface,  however,  because  certain  ELF  antennas  depend  upon  the  existence  of 
the  secondary  field  (Burrows,  1978). 

When  the  source  of  the  field  point  is  buried,  the  vertical  field  components  suffer  a  jump- 
discontinuity  as  the  field  point  descends  through  the  surface,  (the  level  depends  on  the  permittivity,  or 
permeability  constrast  between  the  ground  and  the  atmosphere).  The  horizontal  field  components,  on  the 
other  hand,  are  continuous.  Further  increases  in  depth  reduces  their  amplitude  in  an  exponential  fashion 
for  a  homogeneous  ground  and,  in  a  more  complicated  but  calculable  manner,  for  a  layered  ground  struc¬ 
ture.  Completely  parallel  remarks  apply  to  burying  the  sources. 

The  preceding  few  paragraphs  have  described  the  propagation  of  ELF  waves  in  a  planar  parallel  plate 
waveguide  model  of  the  earth-ionosphere  guide.  The  attenuation  in  that  guide  is  low  enough,  however, 
for  round-the-world  propagation  to  occur.  The  planar  model  is  therefore,  inadequate  when  the  distance 
from  the  source  to  the  field  point  is  of  the  same  magnitude  as,  or  greater  than,  the  radius,  a,  of  the 
earth. 

The  general  nature  of  ELF  propagation  around  the  earth  has  been  the  subject  of  theoretical  study  for 
many  years  and  is,  apparently,  well  understood.  The  texts  by  Wait  (1970),  Galejs  (1972)  and  Burrows 
(1978)  described  the  theory  in  the  form  accepted  today  and  provide  a  bibliography  of  earlier  work. 
Reference  may  also  be  made  to  a  special  issue  of  the  IEEE  Transactions  on  Communications  edited  by  Wait 
(1974)  and  a  collection  of  papers  by  Bannister,  et  al.  (1980). 

There  are  a  number  of  effects  attributable  to  the  curvature  of  the  earth's  surface  that  might  be  sig¬ 
nificant.  For  example,  the  curvature  of  the  guide  may  modify  the  relationship  between  the  various  field 
quantities  by  introducing  a  marked  radial  dependence.  Second,  the  energy  guided  between  the  walls  has  a 
constant  height  of  wavefront  but  a  width  of  wavefront  that  is  smaller  than  if  the  guide  were  planar. 
Thus  the  guide  curvature  has  the  effect  of  channelling  the  same  amount  of  power  flux  through  a  small 
cross  section,  (an  effect  known  as  spherical  focusing).  The  result  is  an  increase  in  the  power  flux  den¬ 
sity  and,  therefore,  in  field  quantities.  Third,  the  closure  of  the  guide  around  the  earth  changes  it 
from  an  infinite  structure  into  a  finite  one.  The  field  does  not  simply  propagate  continuously  away  from 
the  field  point  to  infinity,  as  it  does  in  the  planar  model.  Instead,  it  eventually  returns  to  the 
source  point  after  one  complete  encirclement  of  the  earth.  In  principle,  the  field  continues  to  circu¬ 
late  indefinitely.  This  means  that  the  field  at  arty  point  is  the  sum  of  the  field  at  the  point  arising 
from  propagation  over  the  shorter  great-circle  path  from  the  source,  and  that  arising  from  propagation 
over  the  longer  great-circle  path.  Subsequent  encirclements  by  the  two  waves  propagating  in  opposite 
directions  may  also  contribute.  Moreover,  if  the  frequency  is  such  that  the  wave  phase  changes  by  2*n 
(where  n  is  an  integer)  when  it  completes  one  complete  circuit,  the  closed  guide  is  a  cavity- 
in-resonance.  A  fourth  effect  is  the  geomagnetic  field,  which  varies  in  intensity  and  direction  as  the 
point  of  observation  moves  about  the  earth.  At  any  single  location,  the  geomagnetic  field  interacts  with 
the  changed  particles  of  the  ionosphere  to  produce,  in  effect,  an  anisotropic  conducting  medium.  Since 
the  tensor  describing  the  conductivity  is  not  symmetrical,  electromagnetic  processes  involving  the 
ionosphere  will  not  occur  in  strict  conformity  with  the  reciprocity  theorem.  This  effect  is  made  more 
complicated  by  the  variation  in  direction  of  the  geomagnetic  field  from  place  to  place  (Burrows,  1978). 

It  turns  out  that  the  first  and  fourth  of  these  possible  effects  are  not  of  practical  significance. 
The  ionospheric  height  is  of  the  order  of  45  to  90  km,  which  is  only  about  one  one  hundredth  of  the 
earth's  radius.  Thus  no  local  effects  attributable  to  the  earth's  curvature  are  observed.  Also,  the 
electrical  mis-match  between  the  atmosphere  and  the  ionosphere  is  so  large  at  ELF,  and  the  transition 
between  them  so  abrupt,  that  very  little  penetration  of  the  ionosphere  occurs.  Thus  the  ionosphere  acts 
so  much  like  a  perfect  reflector  that  any  effect  of  the  anisotrophy  on  the  guided  ELF  wave  can  be  shown 
theoretically  to  be  small  (Wait,  1962,  pp.  300ff.),  and  has  been  measured  to  be  so  experimentally 
(Bernstein  et  al.,  1974;  Bannister,  1975). 

Since  the  local  effect  of  the  curvature  is  small,  the  wave  propagates  in  the  curved  guide  with  the 
same  parameters  as  it  would  in  the  planar  guide.  The  only  effect  of  the  spherical  focusing,  therefore, 
is  to  increase  the  power  flux  density  in  accordance  with  the  reduction  in  the  area  of  the  wavefront.  The 
width  of  the  wavefront,  at  a  great  circle  distance  from  the  source,  is  smaller  by  the  factor  sin 
(p/a)/(p/a)  than  it  would  have  been  at  the  same  range  p  in  a  planar  guide.  Therefore,  the  power  flux 
density  is  increased  at  this  distance  by  the  reciprocal  of  this  factor,  and  the  field  quantities  by  the 
reciprocal  of  its  square  root  (Burrows,  1978). 

FIELD  STRENGTH  CALCULATIONS 

The  expressions  most  often  employed  for  calculating  the  fields  in  the  earth-ionosphere  waveguide 
(radiated  by  sources  near  the  surface)  are  based  upon  a  simple  theoretical  model  that  assumes  the  earth 
and  ionosphere  to  be  sharply  bounded  and  homogeneous.  But  the  ionosphere,  which  has  a  greater  influence 
on  propagation  than  does  the  ground,  is  neither  homogeneous  nor  sharply  bounded.  Therefore,  a  question 
arises  concerning  the  usefulness  of  a  simple  model. 

It  is  necessary  to  know  whether  there  are  simple  curves  showing  the  variation  with  frequency  of  para¬ 
meters  equivalent  to  those  of  the  h,  S,  andf\g  parameters  of  the  simple  theory,  that  can  be  used  to 
calculate  the  fields  with  sufficient  accuracy  for  communication  system  design.  (The  real  part  of  S  is 
c/v,  the  ratio  of  the  speed  of  light  in  free  space  to  the  wave  speed  in  the  guide.  The  imaginary  part  is 
proportional  to  the  attenuation  rate  in  the  guide.)  The  real  ionosphere  may  be  essentially  different  in 
its  properties  from  a  well  behaved,  sharply  bounded  model.  In  fact,  theoretical  calculations  using  cer¬ 
tain  layered  1onospher1c_.,structures  have  produced  propagation  data  exhibiting  resonant  absorption  and 
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strong  dispersion  (Galejs.  1972,  pp.  254ff;  Barr  1977;  Rapport  and  Holer,  1978;  Pappert,  1980;  Pappert 
and  Shockey,  1978).  On  the  other  hand,  experimental  measurements  of  the  properties  of  the  guide  have 
consistently  shown  them  to  he,  cn  the  average,  relatively  stable  and  predictable  and,  in  particular,  to 
be  accurately  represented  by  the  simple  formulas  (Burrow*,  1978). 

The  experimental  corroboration  of  the  simple  formulas  does  not,  of  course,  mean  that  the  ionosphere 
is  actually  sharply  bounded  and  homogeneous;  direct  measurements  of  its  conductivity  proti’e  show  that  it 
is  not.  lather,  the  corroboration  supports  the  view  that,  over  the  frequency  range  of  interest,  simple 
curves  exist  of  parameters  equivalent  to  h.rtq,  and  S  that  can  be  used  in  the  formulas  to  obtain  accu¬ 
rate  field  estimates. 

The  next  question  to  be  asked  about  the  simple  theory  is  whether  the  parameters  (e.g.,  the  effective 
ionospheric  height  and  propagation  constant  it  requires  as  input)  can  be  readily  obtained.  It  seems 
likely,  based  on  the  theoretical  work  of  Jones  (1967,  1970);  Greifinger  and  Greifinger  (1978,  1979); 
Booker  (1980);  Behroozi-Toosi  and  Booker  (1980),  and  the  experimental  prepaqation  measurements  of 
Ginsberg  (1974);  Bannister  (1974a,  197b,  1979);  Bannister  et  al.  (1974a);  White  and  Williams  (1974)  that 
they  could  be  calculated  accurately  if  enough  ionospheric  data  were  available.  However,  the  calculation 
would  not  be  wholly  convincing  without  periodic  experimental  verification.  The  experimental  vei  itication 
in  itself  is  a  measurement  of  the  parameters,  and  so  establishes  their  magnitudes  and  behavior  in  time 
and  space  directly.  Then  the  interpretation  in  terms  of  ionospheric  physics  is  superflous,  apart  from 
the  reassurance  that  it  can  give  that  the  measurements  are  consistent  with  other  data  (Burrows,  1978). 

The  substantial  body  of  propagation  data  now  available  from  measurements  of  sterics  (the  propagating 
electromagnetic  pulse  originating  from  a  lighting  stroke),  from  Schumann  resonances  and  measurements  of 
signals  radiated  from  man-made  sources  presents  a  coherent  quantitative  description  of  propagation  para¬ 
meters.  Thus,  tor  the  initial  design  of  an  ELF  cummunicat ions  system  using  the  earth-ionosphere  wave¬ 
guide,  estimates  of  numerical  values  to  be  used  for  the  parameters  can  be  obtained  from  existing  data. 
Before  the  final  design,  however,  propagation  measurements  over  the  path  planned  for  the  system  should  be 
made.  By  using  long  integration  times  on  reception,  together  with  phase-synchronous  detection,  one  can 
achieve  the  required  accuracy  using  a  test  transmitter  that  is  a  very  small  version  of  the  one  planned 
for  the  final  system  (such  as  the  U.S.  Navy's  ELF  Wisconsin  lesl  Facility  (WTK ) ) . 

Instead  of  the  parameters  h,  V>„,  and  S  appearing  in  the  thenretical  propagation  model,  it  is  con¬ 
venient  to  measure  a  composite  of  the  three  called  the  excitation  factor,  E,  defined  by 
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and  also  the  modified  form  of  S,  which  is  the  attenuation  factor  as  defined  by 

a  “  00290  (;)) 

giving  the  attenuation  in  dB/ Min .  (It  should  be  noted  that  the  e  defined  here  is  not  the  same  as  the  ex¬ 
citation  factor  An  used  by  Wait  (  1970)  and  Galejs  (197?)  for  a  different  purpose.)  The  utility  ol 
these  two  factors  is  demonstrated  by  substituting  them  in  asymptotic  form  for  the  horizontal  electric 
current  source.  Thus, 
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There  are  essentially  six  distinct  factors  in  this  propagation  formula.  The  first  is  the  source 
strength  Idl.  The  second  is  c.  lhe  third  is  a  collection  of  1 ree-space  parameters,  all  ot  which  are 
determined  exactly  once  the  frequency  is  specified.  T tie  fourth  is  the  spherical  focusing  factor,  lhe 
fifth  is  the  radial  propagation  loss  factor,  including  both  the  exponential  decay  due  to 
absorption  and  the  p decay  due  to  spreading,  lhe  sixth  defines  the  directional  dependence  ol  the 
radiated  field.  Once  the  current  moment  Idl,  frequency  v,  and  coordinates  6,  ^  ot  the  field  point  are 
specified,  only  Lwu  parameters  are  left  undetermined,  i.e.,  c  and  a.  Thus,  when  these  two  are  evaluated, 
the  field  calculation  can  proceed  (Burrows,  1978). 

Recently,  Greifinger  and  Greifinger  (197H,  1979a),  Booker  (1980)  and  liehrooz i -1  oos i  and  Booker  (1980) 
have  derived  s i .npl i  f  orm  approximate  expressions  for  the  TEM  eigenvalues  (propagation  constants)  for  F.LI- 
oropaqation  in  the  earth- ionosphere  waveguide.  they  demonstrated  that  eigenvalues  obtained  by  their 
methods  were  in  excellent  agreement,  with  full-wave  numerically  calculated  eigenvalues.  The  Greif  ingor 's 
showed  that  the  propagation  constant  depends  on  four  parameters,  two  altitudes  and  a  scale  height  associ¬ 
ated  with  each.  The  lower  altitude  is  the  height  at  which  the  conduction  current 

parallel  to  the  magnetic  field  becomes  equal  to  the  displacement  current.  The  associated  scale  height  is 
the  local  scale  height  ol  the  parallel  conductivity.  Under  daytime  ionospheric  conditions,  the  upper 
altitude  is  the  height  at  which  the  local  wave  number  becomes  equal  lu  the  reciprocal  of  the  local  scale 
height  of  Lhe  refractive  index,  tinder  the  simplest  nighttime  conditions,  the  second  set  of  parameters  is 
replaced  by  the  altitude  of  the  F  region  hutLuni  and  the  local  wave  number  just  inside  the  t-region.  lhe 
relative  phase  velocity  depends,  in  first  approximation,  only  ori  the  ratio  ol  the  two  altitudes.  The  at¬ 
tenuation  rate  depends  on  the  other  two  parameters,  as  well.  The  two  principal  attenuation  mechanisms 
are  Joule-heating  by  longitudinal  currents  in  the  vicinity  of  the  lowpr  altitude  and  energy  leakage  ot 
the  whistler  component  of  the  ELF  wave  at  the  upper  altitude. 

,n  a  lesser  known  publication,  the  Greifingers  (1979b)  have  extended  the  results  presented  in  their 
earlier  two  papers  to  a  more  general  class  of  ionospheric  conductivity  profiles,  lfieir  expressions  allow 
the  rapid  computation  of  ELF  phase  speeds,  attenuation  rates,  anil  excitation  factors  for  a  wide  range  of 
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ionospheric  conditions  without  the  necessity  of  lengthy  fullwavc  computer  calculations.  The  results  can 
be  applied  to  the  rapid  evaluation  of  the  effects  of  a  variety  of  ionospheric  disturbances,  both  natural 
and  artificial,  on  ELF  communication  systems. 

Booker  ( 1 980 )  has  combined  the  reflection  theory  of  Booker  and  Lefeuvre  (197/)  with  the  Greifingers 
treatment  (1978,  1979)  of  the  effect  of  ionization  below  the  level  of  reflection.  The  theory  allows  for 
the  influence  of  the  earth's  magnetic  field,  reflection  from  the  gradient  on  the  under  side  of  the  D  re¬ 
gion  (or,  at  night,  of  a  ledge  below  the  E  region),  reflection  from  the  gradient  on  the  underside  of  the 
E  region,  and  reflection  from  the  gradient  on  the  topside  of  the  E  region. 

We  have  used  (Bannister,  1979a)  the  recently  developed  theory  of  the  Greifingers1  (1978)  and  the  Wait 
VLF  exponential  ionospheric  conductivity  profile  to  uetermine  TEM  propagation  constants  for  ELF  daytime 
propagation  in  the  earth  ionosphere  waveguide.  We  determiner)  that  the  resulting  values  of  ELF  attenua¬ 
tion  rate,  phase  velocity,  and  approximate  ionospheric  reflection  height  are  in  excellent  agreement  with 
measured  data. 

For  daytime  propagation,  the  Greifingers1  expressions  for  a  and  c/v  are 


(4) 


and 
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where  h0  is  the  altituoe  where  <>=»€„;  hj  is  the  altitude  where  4u>moo'  ■  1;  and  “£ 0  and 
1J  are  the  conductivity  scale  heights  at  altitudes  h0  and  hj,  respectively. 

From  (4)  and  (5)  we  can  see  that  the  phase  constant  depends  primarily  on  the  two  reflecting  heights 
and  is  essentially  independent  on  the  conductivity  scale  heights.  On  the  other  hand,  for  a  single 
scale-height  conductivity  profile  (i.e.,  i  .  ^o)-  the  attenuation  rate  is  directly  proportional  to 
scale  height. 

The  single  scale-height  profile  employed  by  Wait  (1970)  for  determining  VLF  propagation  parameters  is 

UJ.O)  t>(i)/<o  •  :  5  X  H)6  exp  IP  ■  U)/(  0 1  (0) 

where  II  is  the  (arbitrary)  reference  height.  The  altitudes  h0  and  hj  may  be  determined  from 


and 


Note  that  in  (6),  (7),  and  (8)  all  heights  and  scale  heights  are  in  kilometers. 
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The  Greifingers  (1979b)  have  also  shown  that  the  effective  waveguide  height  ol  reflection  is  roughly 
h0,  rather  than  the  higher  reflecting  height  hj.  This  is  in  excellent  agreement  with  the  effective 
retied  ion  heights  inferred  from  the  Sanguino.'Seaf  orer  propagation  measurements.  The  fact  that  it  is  the 
lower  height  is  not  really  that  surprising  since  the  horizontal  rate  of  energy  fluw  is  essentially 
constant  up  to  on  altitude  hn,  above  which  it  falls  off  very  rapidiy  with  altitude. 

The  must  cuimiiuii  values  of  I!  and  employed  in  interpreting  VLF  daytime  propagation  measurements 
are  H  =  70  km  and ^ 0  -  1/0.3=3.31  km.  By  using  these  values  in(4),  ( b ) ,  (/),  and  (8)  we  can  readily 
determine  h0,  hi,  c/v,  and  a  at  ELF.  For  example,  at  75  Hz,  h0  -  49.1  km,  hj  -  79, b  km,  c/v 
~  1 .76,  and  a  ~  l.b  <111/ Mm.  Furthermore,  at  10UU  llz,  h0  -  b7.7  km,  hj  -  70. 8  km,  c/v  ~  1.1U,  and  a  ~ 
16.6  dll/Mm. 


T lif?  theoretically  determined  values  of  the  ELF  daytime  attenuation  rale  are  plotted  in  figure  1  for 
frequencies  of  b  to  2000  Hz.  Also  plotted,  are  various  experimentally  determined  values  of  a.  These  are 
all  determined  from  controlled  source  measurements,  except  for  the  7.8,  14,  and  20  Hz  attenuation  rates, 
which  were  inferred  from  Schumann  resonance  measurements  (Chapman  et  al.,  1966).  The  45  and  75  llz  data 
points  are  average  values  determined  from  tiie  19/U-72  Project  Sanguine/beatarer  propagation  measurements 
(Bannister,  19/5),  the  156  Hz  value  is  from  Ginsberg  (1974),  and  the  4G0  Hz  value  is  from  Kuhnle  and 
SmiLli  (1964).  The  630-1950  llz  data  points  were  obtained  by  employing  the  Navy  VLT  antenna  at  Jim  Creek, 
WA,  as  the  source  (Ginsberg,  1974  ).  From  figure  1  if.  can  bo  seen  that  there  is  excellent  agreement 
throughout,  the  ELF  range  between  the  theoretical  (employing  the  Wait  exponential  ionospheric  -  conduc¬ 
tivity  profile)  and  experimentally  determined  values  of  ELI  daytime  attenuation  rates. 

The  theoretically  determined  values  of  the  ELF  daytime  phase  velocity  are  plotted  in  figure  2  for 
frequencies  of  5  to  1000  llz.  Also  plotted  are  various  experimentally  determined  values  of  c/v.  These 
values  were  all  determined  from  measurements  of  atmospherics,  lhe  7.8,  14,  and  20  Hz  values  were  infer¬ 
red  f rum  Schumann  resonance  measurements  (Chapman  et  al.,  1966),  the  50  -225  Hz  values  are  t rum  Hughes  and 
Ga  1 1 enbergor  1974,  and  tnc  300-900  llz  measurements  are  the  two  station  results  of  Chapman  et  al.  (1966). 
from  figure  2  we  sec  that  there  is  excellent  agreement  between  the  theoretical  and  experimental ly  deter¬ 
mined  values  of  c/v  i ur  frequencies  greater  than  50  Hz  and  fair  agreement  for  ftequencies  less  than  50  Hz. 


Under  nighttime  propagation  conditions,  a  sharp  E  region  boLtom  is  usually  encountered  before  the 
altitude  hj  is  established.  The  electron  density  undergoes  a  very  sharp  increase  in  passing  through 
the  bottom,  above  which  it  can  be  quite  variable.  The  Greif ingers 1  (19/9)  have  considered  the  simple 
model  where  the  density  above  this  bottom  varies  slowly  on  the  scale  of  the  local  wavelength.  Ihe  result 
is 
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where  h£  is  the  altitude  of  the  E  region  bottom  and  k 0 t  is  the  E  region  local  wave  number.  Com¬ 
parison  with  the  daytime  results  (4)  and  (5)  shows  that  the  altitude  of  the  E  region  bottom  has  replaced 
the  frequency-dependent  altitude  hi  as  a  parameter  and  the  local  wavelength  just  inside  the  E  region, 
has  repl aced'Ji . 

We  have  also  employed  Waits1  nighttime  ionospheric  conductivity  model  (with  a  reference  height  of  90 
km  and  scale  height  of  1/0.4  =  2.5  km)  in  conjunction  with  the  Greifingers1  nighttime  theory.  We  also 
assumed  the  height  of  the  E  region  bottom  was  9U  km  and  its  conductivity  was  approximately  8  X  H)-6 
Siemens/meter.  Tne  resulting  values  of  attenuation  rate  are  in  excellent  agreement  with  the  45  to  800  Hi 
controlled  source  measurements.  Also,  the  4b,  7b,  and  IbO  Hz  ellective  waveguide  reflection  heights 
(approximately  75  km)  are  in  excellent  agreement  with  those  inferred  from  the  Sanguine/Seafarer 
measurements . 

ADIIll  IONAL  EXAMPLES  UK  LOCAl.lZEU  N1GH1TIME  ANOMALIES 

The  most  important  extremely  low  frequency  (ELK)  earth- ionosphere  waveguide  propagation  parameters  arc 
the  attenuation  rate,  phase  velocity  and  excitation  factor.  We  have  shown  (Bannister,  197b)  that,  on  the 
average,  the  ELK  attenuation  rote  is  directly  proportional  to  the  excitation  factor.  Ihe  fact  that  these 
two  quantitities  are  proportional  is  not  really  that  surprising  since,  lor  single  layer  and  exponentially 
varying  ionuspheric  conductivity  models,  both  are  inversely  proportional  to  the  ionospheric  reflection 
Height  (Bannister,  1975;  1979a).  What  this  suyyesLs  is  that,  oij_the  average,  il  the  nighttime  (or  day¬ 
time)  excitation  factor  is  increased  (or  decreased),  then  the  nighttime  (or  daytime)  attenuation  rate  is 
also  increased  (or  decreased). 

On  several  occasions  during  Lite  past  decade,  the  4U  to  81)  Hz  El. I  nighttime  field  strength  measured  at 
siLes  in  the  northeastern  IJ.S.  (i.e.,  Connecticut  and  Maryland)  has  displayed  rapid  decreases  of  iron  4 
to  8  cl8  in  several  hours  (Bannister,  1974b;  19/5;  1979b;  1980;  Bannister  el.  ul.,  1974b;  Bannister  and 
Williams,  1976;  Llavis,  19/4;  1970).  Those  severe  nighttime  disturbances  sometimes  occur  during  the  se¬ 
veral  days  following  magnetic  storms  when  similar  but  less  pronounced  behavior  is  found  to  coincide 
with  phase  disturbances  on  very  low  frequency  (VLF)  paths  across  the  northern  United  States  (Davis,  1976). 

We  have  shown  (Bannister,  1980)  that  the  Connecticut  nighttime  field  strength  amplitude  was  usually 
at  a  minimum  between  0600  and  0800  GM1 ,  whereas  the  nighttime  relative  phase  was  at  a  maximum  approxi 
mutely  1  hour  earlier.  Ihe  time  of  the  lowest  nighttime  field  strengths  coincides  with  the  farthest 
southern  displacement  of  the  auroral  oval  and,  presumably,  indicates  the  time  at  which  precipitated  ener¬ 
getic  electrons  would  reach  their  southern  most  extent  in  the  middle  latitudes. 

Ihe  Connecticut  arid  Maryland  measurement  sites  are  located  approximately  1.6  Mm  from  the  transmitting 
source,  which  is  the  0.5.  Navy  ELI  Wisconsin  lest  Facility  (W1K).  Intuitively,  for  such  short  paths,  it 
seems  extremely  unlikely  that  changes  in  attenuation  rate  would  be  the  explanation  of  these  siqnal  de¬ 
creases.  However,  flip  required  changes  (i.e.,  increases)  in  etler.tive  ionospheric  reflecting  height 
would  also  be  an  unrealistic  consideration. 

It  has  been  postulated  (Sechrist,  1972;  Davis,  19/4;  1976;  Spejeldvik  and  lhorne,  19/ba,  b)  that 
levels  of  the  D  region  controlling  ELK  propagation  in  the  earth- ionosphere  waveguide  are  strongly  influ¬ 
enced  by  energetic  electron  precipitation.  Recently  reported  measurements  (Wratf,  1977;  Dickinson  dial 
Bennett,  1978)  are  consistent  with  the  theoretical  results  of  Spjeldvik  and  Thorne  (1975a,  b)  regarding 
ionization  caused  by  precipilaLion  of  energetic  electrons  during  Lite  recovery  phase  ul  magnetic  sturins. 
Because  energetic  particle  precipitation  into  the  D  region  lends  to  increase  ionization,  making  the  iuno- 
sphere  more  "daylike"  by  lowering  the  effective  reflecting  height  and  improving  excitation,  the  observed 
nighttime  field  strength  decreases  are  in  the  opposite  sense  to  what  would  have  been  expected. 

lmhof  et  at.  (1978),  from  coordinated  satellite  and  LLT  Held  strength  measurements ,  have  found  that 
direct  particle  precipitation  into  the  atmosphere  can  cause  ELK  transmission  anomalies.  In  these  anoma¬ 
lies  the  signal  strengths  may  be  either  attenuated  or  enhanced  depending  upon  the  spacial  extent  and  lo¬ 
cation  of  the  ionization.  The  effect  appears  to  be  due  primarily  fu  changes  in  the  excitation  1  actor. 
Other  factors,  such  as  standing  wave  effects,  may  also  he  of  importance  (llavis,  19/b). 

Several  authors  (Barr,  19/7;  Pappert  and  Moler,  1978)  have  also  made  calculations  regarding  the  in¬ 
fluence  ot  a  sporodic-t  layer  that  encompasses  the  nighttime  propagation  path,  lhey  showed  that  the  pre¬ 
sence  ut  nocturnal  sporadic  t  produced  marked  maxima  and  minima  in  the  propagation  characteri sties  of  LLT 
radio  waves.  One  physical  explanation  lor  the  enhanced  absorption  can  lie  explained  in  terms  of  an 
attenuation  resonance  between  waves  reflected  I  rum  normal  L  region  heights  and  f  rum  the  spuradir-E 
region.  Ihe  results  of  typical  theoretical  calculations  (Pappert  and  Shockey,  19/8)  depicting  the 
changes  in  attenuation  rale  and  phase  velocity  due  to  a  nocturnal  spuradic-E  layer  are  presented  in 
figures  3  and  4. 
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Pappert  (1980)  and  Pappert  and  Shockey  (1978)  have  investigated  the  effects  of  a  more  realistically 
sized  patch  of  sporadic-E  on  nighttime  propagation  in  the  lower  ELF  band.  Their  results  indicate  that  a 
sporadic-E  patch  of  1  Mm  by  1  Mm  which  causes  phase  shifts  and  attenuation  rate  enhancements  consistent 
with  full  wave  model  evaluations  can  account  for  the  6  to  8  dB  fades  nnserved  in  the  Connecticut  and 
Maryland  measurements.  Patches  1  Mm  by  0.5  Mm  can  account  for  mure  commonly  observed  fades  in  the  3  to  9 
dB  range.  Of  the  cases  examined,  deepest  fades  occur  when  the  disturbance  falls  over  the  receiver  and 
the  depth  of  the  fades  in  those  instances  changes  very  little  with  the  location  oi  the  disturbance  along 
the  great  circle  path  connecting  transmitter  and  receiver.  In  other  words,  a  receiver  moving  beneath  a 
traveling  but  otherwise  invariant  ionospheric  disturbance  would  experience  a  very  nearly  constant  fade 
(Pappert,  1980). 

It  should  be  noted  that  actual  measurements  of  sporadic  E  conditions  have  not  been  made  at  the 
receiving  sites  when  WTF  was  transmitting.  Attempts  to  explain  the  observed  ELF  signal  fades  in  terms  of 
absorption  due  to  sporadic  E  conditions  can  therefore,  not  be  conclusive,  but  the  theoretical  efforts  in 
this  area  point  out  the  potential  influences  of  sporadic  E  on  ELF  propagation. 

Field  and  Joiner  (1979)  employed  an  integral  equation  approach  for  analyzing  propagation  in  the 
earth-ionosphere  waveguide  where  conditions  change  over  distances  comparable  with  a  Fresnel  zone.  They 
derived  an  expression  for  Lhe  relative  errors  introduced  by  neglecting  transverse  ionospheric  gradients 
over  the  path  and  found  that  full-wave  methods  must  be  applied  when  the  effective  width  of  a  localized 
disturbance  is  less  than  two-thirds  of  the  width  of  the  first  Fresnel  zone,  lhey  also  concluded  that  the 
WKB  approximation  significantly  overestimates  the  propagation  anomaly  when  the  distrubance  is  centered 
near  the  propagation  path  and  underestimates  the  anomaly  when  the  disturbance  is  centered  far  off-path. 

Subsequently,  Field  and  Joiner  (1981)  extended  Lheir  analysis  by  analyzing  ELF  propagation  fur  both 
widespread  and  bounded  inhomoyeneities.  lheir  solutions  showed  that  such  a  disturbance  behaves  like  a 
cylindrical  lens  filling  a  narrow  aperture.  Lateral  diffraction,  focusing,  and  reflection  can  cause  the 
transverse  electromagnetic  (1FM)  mode  to  exhibit  a  transverse  pattern  of  maxima  and  minima  beyond  the 
disturbance  and  a  standing-wave  pattern  in  front  of  it.  lhe  focusing  and  diffraction  diminish  when  the 
transverse  dimension  of  the  disturbance  approaches  the  widtli  of  the  first  Fresnel  zone,  typically, 
several  megameters.  Their  analysis  shows  that  reflection  from  widespread  inhoinogeneities  can  be 
important  in  two  situations:  first,  for  great-circle  propagation  paths  that  are  nearly  tangential  to  the 
boundary  of  the  disturbed  polar  cap;  and,  second,  when  the  1EM  mode  is  obliquely  incident  on  the 
day/night  terminator,  in  which  case  a  phenomenon  analog. :ous  to  internal  reflection  can  occur. 

On  many  measurement  dates  during  1976,  nighttime  field-strength-amplitude  measurements  taken  at  the 
Connecticut  site  were  found  to  be  minimum  from  0600  to  0B00  hours  GMl.  Conversely,  nighttime  relative 
phase  was  found  to  he  at  maximum  approximately  1  hour  earlier  (Bannister,  1980).  This  phenomenon  is  fur¬ 
ther  illustrated  in  Figure  5.  A  comparison  ul  39  night  time  minimum  amplitude  limes,  with  corresponding 
max i mum  relative  phase  limes,  yielded  an  average  minimum  nighttime  field  sLrength  amplitude  time  of  ap¬ 
proximately  0700  GMT  and  an  average  maximum  nighttime  relative  phase  time  of  approximately  0600  GMT. 

On  18  September  1976  (ligurc  5),  the  nighttime  field  strength  amplitude  steadily  decreased  5  dB  1  rout 
2300  to  0630  GMT  and  then  steadily  increased  b  dli  from  0630  to  1700  GMT.  Meanwhile,  the  nighttime  rela¬ 
tive  phase  increased  20’  from  0230  to  0500  GMT,  and  then  decreased  15°  from  0500  and  0800  GMT. 

The  average  nighttime  field  strength  reduction  during  those  34  nights  was  approximately  3  dli,  while 
lhe  average  nighttime  relative  phase  increase  was  approximately  20°  (about  the  same  phase  change  associ¬ 
ated  with  tlie  sunri se- sunset  terminators  irossing  the  W1  F-Connect icut  path).  Intuitively,  an  increase  in 
phase  would  be  due  to  an  increase  in  the  reflecting  height  arid  thus  a  decrease  in  the  electron  density 
near  the  normal  reflection  height  (-  75  km,  Bannister,  1975).  However,  this  would  require  an  unrealis¬ 
tic  nighttime  reflection  height  of  approximately  125  to  150  km. 

A  more  plausible  explanation  is  that  the  field  strength  amplitude  reduction  (accompanied  by  a  rela¬ 
tive  phase  increase'  is  due  to  the  presence  oi  a  nocturnal  sporadic-E  layer.  This  is  in  agreement  with 
tiie  results  of  Pappert  and  Shockey  (1978)  who  showed  that  phase  increases  of  30"  are  possible  in  Uie 
neighborhood  of  the  attenuation  rate  resonance  caused  by  waves  reflected  from  normal  E  region  heights  and 
from  the  sporadic  F  region. 

Uiirinq  January  1977,  simultaneous  field  strength  measurements  were  taken  in  Connecticut  and  aboard 
three  submarines  located  in  the  North  Atlantic/Norwegian  Sea  area  (approximately  5  Mm  from  WIF).  A  com¬ 
parison  of  the  3  and  6  January  data  taken  aboard  all  tin  ee  submarines  with  the  data  taken  in  Connecticut 
is  presented  in  figure  6.  On  3  January,  we  see  that  from  001)0  to  approximately  0400  GMl,  the  nighttime 
field  strengths  were  fairly  constant  at  all  tour  receiving  locations.  However,  the  field  strengths  mea¬ 
sured  by  each  of  the  three  submarines  (which  were  less  than  2  Mm  apart  in  latitude)  were  substantially 
different.  lhe  average  field  strength  measured  during  the  UUOU-0400  GMT  nighttime  period  was  -  -150 
dBA/m  aboard  submarine  1,  -  -154  dllA/m  aboard  submarine  7  ami  ~  -157  dHA/m  aboard  submarine  3,  a  /  dll 
difference!  From  0500  to  1800  CMT,  the  data  tracked  very  well  from  submarines  2  and  3,  while  during  the 
WTF  daytime  period  (1400-1800  GMl),  lhe  data  taken  aboard  all  three  submarines  were  quite  similar. 

On  6  January  (figure  6),  from  0200  to  0530  GMl,  the  field  strengths  measured  by  submarines  1  and  3 
were  approximately  4  dli  different  in  magnitude.  However,  from  0600  to  1000  GMl,  the  data  from  all  three 
locations  tracked  very  well,  with  peak-to-trnugh  variations  of  3  and  4  dB.  lhe  0200  to  0530  GMT  varia¬ 
tions  were  probably  caused  by  localized  anomalies,  while  the  ObOO  and  1000  GMl  variations  were  probably 
at  WTF,  or  along  the  whole  path  due  to  particle  bombardment  during  the  29  December  1976  magnetic  storm 
recovery  period.  Another  possible  explanation  lor  these  anomalous  nighttime  submarine  results  (figure  6) 
is  that  the  receivers  are  on  great-circle  paths  that  are  nearly  tangential  to  the  disturbed  polar  cap,  in 
which  shadow  zones  and  interference  patterns  could  incur  (field  and  Joiner,  19H1). 

During  the  inaqnet leal ly  quiet  period  of  early  March  1977,  field  strength  measurements  were  taken  in 
Connecticut  and  aboard  a  submarine  located  in  thr  North  Atlantic  (approximately  4  Mm  from  WTF).  Many 
nighttime  field  strength  variations  were  observed  at  both  receiving  locations. 
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Figure  7  plots  the  1  to  3  March  1977  nighttime  field  strengths  measured  at  both  locations  against 
GMT.  Note  that  the  Connecticut  and  submarine  field  strength  versus  GMT  plots  are  displaced  by  4  hours. 
During  these  three  nights,  the  observed  peak-to-trough  variations  were  6  to  8  dli  in  Connecticut  and  7  to 
11  dll  at  the  submarine  receiving  location.  Because  (1)  the  late  February/early  March  period  was  magneti¬ 
cally  guiet  and  (2)  the  decreases  in  the  nighttime  field  strengths  occured  at  different  times  at  the  two 
receiving  sites;  the  prime  candidate  for  Lhe  cause  of  these  anomalies  is  a  moving  nocturnal  sporadic-t 
layer. 

Presented  in  figure  8  are  the  4  to  6  March  1977  nighttime  field  strengths  measured  at  the  two 
receiving  locations.  The  field  strength  versus  GMT  plots  (which  are  very  similar  at  both  receiving  loca¬ 
tions)  are  displaced  by  4  hours  on  4  and  b  March  and  by  2  hours  on  6  March.  The  peak-to-trough  varia¬ 
tions  is  a  moving  nocturnal  sporadic-E  layer. 

Figure  9  plots  the  10  and  11  March  1977  field  strengths  versus  GMT.  For  these  plots,  the  time  dis¬ 
placement  is  only  2  hours.  On  10  March,  the  nighttime  peak-to-trough  variation  was  -  6  dii  in  Connecti¬ 
cut  and  ~  8  at  the  submarine  receiving  location.  During  11  March,  the  Connecticut  nighttime  field 
strength  gradually  decreased  ~  3  dB  over  a  0  hour  period,  while  the  submarine  field  strength  decreaseo 
~  6  dll.  One  cause  of  these  variations  could  be  a  moving  sporadic  E  layer.  Another  cause  could  be 
particle  bombardment  during  the  9  March  magnetic  storm  recovery  period. 

Another  interesting  anomalous  nighttime  propagation  condition  is  presented  in  figure  10.  On  17  March 
from  0100  to  0600  GMT,  both  the  Connecticut  and  Submarine  nighttime  field  strengths  were  2  to  3  dB  lower 
than  on  the  previous  nights,  which  is  indicative  of  a  propagation  anomaly  along  the  whole  path  or  at 
WTF.  On  both  26  January  and  17  March,  from  0630  to  0800  GMT  (i.e.,  the  last  1  1/2  hours  of  the  night- 
Lime  period),  the  field  strength  in  Connecticut  decreased  by  only  ~  1  dB.  However,  the  field  strength 
at  the  submarine  location  decreased  by  -  7  dB  (on  17  March)  and  by  -  9  dll  (un  26  January).  These 
0630  to  0800  field  strength  degradations  must  be  caused  by  local  ionospheric  anomalies. 

CONCLUSIONS 

In  this  paper,  we  have  presented  a  tutorial  overview  on  ELF  propagation.  Much  of  the  material  was 
excerpted  from  the  excellent  book  "ELF  Communications  Antennas"  by  M.  L.  Burrows  (1978),  It  is  recom¬ 
mended  reading  for  anyone  seriously  interested  in  ILF  communications. 

We  have  also  compared  recently  derived  simple  form  approximate  expressions  (which  relate  ELf-  propaga¬ 
tion  constants  to  realistic  ionospheric  conductivity  profiles)  with  experimentally  derived  results  for 
both  daytime  and  nighttime  propagation  conditions. 

Un  several  occasions  during  the  past  I  ew  years,  the  ELF  nighttime  field  strength  measured  in  north¬ 
eastern  United  States  has  displayed  rapid  decreases  of  i  rum  4  lo  8  dB  in  several  hours,  lhe  time  of  the 
lowest  nighttime  field  strengths  ( 0600-0800  GM1 j  coincides  with  the  farthest  southern  displacement  of  the 
auroral  oval  and  presumably  indicates  the  time  at  which  precipitated  energetic  electrons  would  reach 
their  southernmost  extent  into  the  middle  latitudes.  Therefore  •'  probable  cause  of  some  of  these  local¬ 
ized  ELF  nighttime  field  strength  variations  (which  are  certainly  not  restricted  to  measurement  locations 
in  the  northeastern  United  States)  are  changes  in  reflection  height  along  the  propagation  path  (which  can 
lead  to  standing  wave  effects)  because  of  particle  bombardment. 

Another  possible  explanation  for  these  anomalous  nighttime  results  is  that  the  receivers  are  on 
great-circle  paths  that  are  nearly  tangential  to  the  disturbed  polar  cap,  in  which  shadow  zones  and 
interference  patterns  could  occur. 

Simultaneous  measurements  taken  in  Connecticut  and  the  Norlh  Atlantic  area  during  the  magnetically 
quiet  period  of  early  March  1977  (where  nighttime  propagation  anomalies  occured  2  to  4  hours  apart)  have 
indicated  that  another  cause  for  some  of  these  .  mialies  is  a  moving  nocturnal  sporadic-t  layer. 

It  now  appears  that  theory  has  advanced  Lo  ihc  point  where  substantial  benefit  would  result  trnm  a 
concurrent  measurement  program  simultaneously  involving  nocturnal  ELF  propagation  and  sporadic-C 
soundings  over  and  about  the  propagation  path.  ELF  measurements  provide  the  only  means  yet  ot  remotely 
monitoring  ionization  phenomena  in  an  altitude  range  not  accessible  lo  other  techniques,  and  may  be 
extremely  useful  in  untangling  the  mysteries  of  this  region. 
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Pig.  1.  ELF  daytime  attenuation  rates  versus  Fig.  2.  ELF  daytime  phase  velocity  versus 

frequency.  o>r  =  2.5  x  105  exp  [0.3(z-70)l.  frequency.  o)r  =  2.5  x  105  exp  [0.3(z-70)}. 
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Fig.  3.  Attenuation  versus  frequency. 
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SUMMARY 

This  paper  describes  how  long-range  ELF  propagation  is  affected  by  ionospheric  disturbances  such  as  solar 
particle  events  or  nuclear  environments ,  which  substantially  constrict  the  earth-ionosphere  waveguide.  A 
few  of  our  results  also  pertain  to  more  common  ionospheric  phenomena,  such  as  3poradic-E  patches.  Strati¬ 
fied  disturbances  usually  cause  both  the  excitation  factor  and  the  attenuation  rate  of  the  TEM  waveguide 
mode  to  increase.  Thus,  the  signal  increases  somewhat  at  short  distances,  but  decreases  by  several  deci¬ 
bels  at  long  distances.  The  main  loss  mechanJ sm  is  Ohmic  heating  of  heavy  ions  in  the  lower  ionosphere. 

Even  widespread  disturbances  must  often  be  treated  as  nonstrat if ied ,  since  they  can  cause  the  properties  of 
the  earth-ionosphere  waveguide  to  change  markedly  over  the  huge  ELF  wavelength  or  Fresnel  zone.  We  treat, 
such  lateral  inhomogeneities  by  recasting  the  wave  equation  as  a  two-dimensional  integral  equation.  Nu¬ 
merical  solutions  show  that  a  localized  disturbance  behaves  like  a  cylindrical  lens  filling  a  narrow 
aperture.  Lateral  diffraction,  focusing,  and  reflection  can  cause  the  TEM  mode  to  exhibit  a  transverse 
pattern  of  maxima  and  minima  beyond  the  disturbance,  and  a  standing  wave  pattern  in  front  of  it.  Such 
phenomena  can  contribute  to  spatial  fluctuations  occasionally  observed  on  ELF  transmissions .  The  focus¬ 
ing  and  diffraction  diminish  when  the  transverse  dimension  of  the  disturbance  approaches  the  width  of 
the  first  Fresnel  zone — typically,  several  megameters. 

1.  INTRODUCTION 


Natural  and  man-made  ionospheric  disturbances  can  significantly  affect  the  long-range  propagation  of 
extremely-low-f requency  (ELF)  and  very-low-frequency  (VLF)  signals,  This  paper  is  concerned  with  ELF 
propagation;  a  companion  paper  [Field,  1981]  considers  VLF  propagation.  Long-wave  signals  propagate  in 
the  waveguide  bounded  sharply  on  the  bottom  by  the  earth  and  diffusely  on  the  top  by  the  ionosphere.  We 
focus  on  severe  disturbances  caused  by  energetic  radiation,  which  produces  anomalous  ionization  in  and 
below  the  lower  ionosphere  and  thus  constricts  the  earth-ionosphere  waveguide.  However,  our  integral- 
equation  approach  for  treating  nonstratif ied  disturbances — and  a  few  of  our  results — also  pertains  to 
more  common  ionospheric  phenomena,  such  as  sporadic-E  patches. 

We  treat  the  ELF  (30  to  300  Hz)  and  VLF  (3  to  30  1  <Iz)  bands  separately  because  they  differ  in  the  fol¬ 
lowing  important  respects.  First,  only  the  transverse  electromagnetic  (TEM)  mode  is  below  cutoff  at 
ELF,  whereas  several  modes  are  above  cutoff  and  mutually  interfere  at  VLF.  Second,  only  vertically 
polarized  signals  propagate  well  at  ELF,  whereas  both  transverse  magnetic  (TM)  and  transverse  electric 
(TE)  modes  can  propagate  at  VLF.  Third,  even  a  geographically  widespread  disturbance  can  cause  the 
properties  of  the  earth- ionosphere  waveguide  to  change  markedly  over  the  huge  ELF  wavelength  ur 
Fresnel  zone,  and  give  rise  to  phenomena — lateral  reflection,  diffraction,  and  focusing — that  are 
usually  unimportant  at  VLF. 

This  paper  gives  numerical  calculations  of  attenuation  rates  and  signal  strengths  for  stratified  dis¬ 
turbances  having  a  wide  range  of  intensities.  In  addition,  we  calculate  the  lateral  signal  structure 
caused  by  disturbances  that  are  narrower  than  a  Fresnel  zone  and  must  therefore  be  treated  as  non¬ 
stratif  ied  . 

2 ,  NORMAL  AND  DISTURBED  IONOSPHERIC  MODELS 

Many  types  of  Ionospheric  disturbances  can  cause  ELF  propagation  anomalies.  X-rays  from  solar  flares 
ionize  the  D-  and  E-layers  of  the  ionosphere  over  the  sunlit  hemisphere.  Energetic  electrons  and 
protons  from  solar  particle  events  (SPE)  ionize  the  polar  cap  at  altitudes  well  below  those  from  which 
ELF  waves  are  usually  reflected.  High-altitude  nuclear  bursts  produce  various  prompt  and  delayed  ion¬ 
izing  radiations,  including  y-rays,  3~particles ,  and  neutrons.  The  y-rays  penetrate  to  even  lower  alti¬ 
tudes  than  energetic  protons  from  a  strong  SPE,  and  thus  can  cause  much  more  severe  distortions  of  the 
earth- ionosphere  waveguide. 

Extensive  calculations  for  numerous  specific  disturbances  have,  been  made  throughout  the  ELF/VLF  research 
community.  Here  we  concentrate  on  SPE  and  nuclear  disturbances,  which  cause  ionization  well  below  the 
normal  ionosphere.  They  constrict  the  earth-ionosphere  waveguide,  and  usually  degrade  propagation. 

We  do  not  consider  disturbances — such  as  X-ray  flares — that  occasionally  enhance  propagation. 

Figure  1  shows  height  profiles  of  electron  and  positive  ion  density  calculated  from  models  of  nominal 
nuclear  environments  consisting  of  \  despread,  high-altitude  fission  debris.  The  profiles  shown  are 
convenient  for  calculating  the  dependence  of  the  waveguide  propagation  parameters  on  the  intensity  of  a 
disturbance.  They  span  a  wide  range  of  intensities,  but,  because  propagation  depends  on  Ionization  height 
gradient  as  well  a3  intensity,  they  do  not  cover  all  possible  cases.  Specific  events  must  therefore  be 
analyzed  individually.  The  "moderate"  and  "intense"  profiles  represent  levels  of  ionization  typical  of 
strong  SPEs  as  well  as  spread-debris  environments.  We  can  therefore  use  them  to  infir  effect  of  both 
natural  and  man-made  disturbances. 

Before  presenting  the  numerical  results,  wc  briefly  discuss  the  relative  importance  uf  electrons  and 
heavy  ions,  We  ignore  the  geomagnetic  field  because,  for  the  disturbances  considered  here,  the  most  im¬ 
portant  processes  occur  at  altitudes  where  the  electron  and  ion  collision  frequencies,  Vc  and  exceed 
the  corresponding  gyrof requenc ies .  The  ionospheric  refractive-index  height  profile  is  thus  the  basic 
input  to  F.LF  predictive  codes.  Electrons  and  many  species  of  heavy  ions  contribute  to  the  refractive 
index.  In  practice — as  in  Fig.  1 — ionic  species  arc  classified  simply  an  "posiLlvi*"  or  "nugaLJve each 


type  having  properties  determined  by  averaging  over  the  species  actually  present, 
assumed  that  such  generic  ior.s  have  equal  masses  and  collision  frequencies  v-^. 
then  takes  the  simplified  form 
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where  q  is  the  electron  charge,  U)  is  the  angular  frequency,  Ne  is  the  electron  density,  and  N  is  the 
density  of  the  "average"  positive  ion.  The  factor  of  two  in  Eq.  (1)  occurs  because  the  positive  and  neg¬ 
ative  ion  densities  are  nearly  equal  at  altitudes  where  ions  are  important. 

The  values  of  and  v^  at  a  given  altitude  are  poorly  known.  We  use  an  atomic  weight  of  32  for  but — 
depending  on  altitude — values  as  low  as  19  or  as  high  as  50  to  60  are  possible.  Similarly,  Vi  could  be 
anywhere  from  a  tenth  to  a  fortieth  of  Ve.  We  follow  current  convention  in  assuming  Vi  -  Ve/20,  and  use 
a  nominal  profile  for  ve  (e.g,,  Pappert  and  Moler  [1974]), 

Figure  1  shows  that  ions  greatly  outnumber  electrons  at  the  lower  altitudes,  where  they  dominate  propaga¬ 
tion  despite  their  larger  mass.  By  inserting  the  assumed  numerical  values  into  Eq.  (1),  then  comparing 
the  first  and  second  terms  in  the  parentheses,  we  find  that  a  transition  from  electron  to  ion  dominance 
occurs  at  the  al citude  where 
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For  the  models  shown  in  Fig.  1,  this  criterion  .‘mplies  that  signals  confined  mainly  to  altitudes  below, 
say,  50  to  55  km  are  more  strongly  affected  by  i  .ms  than  electrons.  Of  course,  that  transition  altitude 
will  shift  if  different  values  are  assumed  for  the  masses  or  collision  frequencies. 

3 •  EFFECTS  OF  STRATIFIED  DISTURBANCES 

This  section  describes  the  effects  of  ionospheric  disturbances  so  geographically  widespread  that  lateral 
gradients  can  bu  ignored. 

3.1.  Propagation  Equations 

The  equations  governing  ELF  propagation  are  m/nilable  from  many  sources  (e.g.,  Galejs  [1972]),  so  need  not 
be  repeated  here.  We  solve  them  numerically,  accounting  for  the  vertical  inhoiuogeneity  ol  the  ionosphere 
and  curvature  of  the  earth.  Our  method  is  essentially  that  described  by  Budden  [1961]  or  Field  [1969]. 

To  define  the  notation  and  illustrate  the  key  dependences,  we  recapitulate  the  equation  for  tl»  spatial 
dependence  of  the  fields. 

An  ELF  transmitting  antenna  would  probably  be  oriented  horizontally  and  operated  in  the  endfire  mode  to 
excite  the  quasi-TEM  mode — the  only  one  that  propagates  well.  The  expression  for  the  horizontal  ""jgnetic 
intensity  H  is 


rz -  .  (  2x1 

\ 

C  J 

\  /  Sd  \ 

tilt  J 

exv\-~r 

—  d 

V 

)  cxp\-  877 [ 

12Vn  1 

C  /•’  c/v 

/a 

sill 

d/a 

(3) 


where  If.  is  the  electric  dipole  moment  of  the  transmitting  antenna,  f  is  the  wave  frequency,  is  the 
excitat  m  factor  for  a  horizontal  dipole  in  the  endfire  direction,  Og  is  the  effective  ground  conductiv¬ 
ity  Ln  he  vicinity  of  the  transmitter,  c  is  the  speed  of  light,  d  is  the  distance  from  the  source,  and 
a  is  the  earth's  radius.  The  mode  parameters  that  depend  on  the  ionosphere  and  must  be  calculated  nu¬ 
merically  are  the  excitation  factor  Aft,  the  attenuation  rate  8  in  decibels  per  megameter  of  propagation 
(dB/Mm) ,  and  the  relative  phase  velocity,  v/c.  Although  most  quantities  are  in  MKS  units,  we  express  all 
distances  (L,  X,  d,  a)  in  raegaraeters, 

3.2.  ELF  Mode  Parameters 

The  amplitude  of  a  long-range  ELF  signal  is  most  sensitive  to  changes  in,  first,  the  attenuation  rate  8; 
and,  second,  the  excitation  factor  Aft.  Figure  2  shows  the  dependence  of  8  on  the  intensity  of  the  dis¬ 
turbance.  The  results  are  for  45  and  75  Hz,  which,  approximate  the  frequencies  most  likely  to  be  used  in 
an  ELF  communication  system.  The  extreme  left  side  of  Fig.  2  corresponds  to  the  normal  daytime  model 
shown  in  Fig.  1,  whereas  the  extreme  right  side  corresponds  to  the  very  intense  disturbance.  In  addition 
our  calculations  employed  12  intermediate  levels  of  disturbance,  including  the  moderate  and  intense  pro¬ 
files  in  Fig.  L. 

Figure  2  shows  that  the  assumed  disturbances  can  cause  the  attenuation  rate  to  increase  by  1  or  2  dB/Mra 
relative  to  normal  daytime  conditions,  depending  on  the  frequency.  Although  the  curves  span  a  wide 
range  of  intensities,  they  do  not  cover  all  cases  because  the  waveguide  characteristics  depend  on  the 
spectrum  of  ionizing  radiation  as  well  as  the  intensity.  In  fact,  calculations  not  repeated  in  detail 
here  show  that  certain  moderate- to-severe  SPKs  can  cause  the  attenuation  rate  to  approach  4  dB/Mm  at  75 
Hz.  Moreover,  Pappert  [1980]  showed  that  sporadic-!*'  patches  could  cause  nighttime  attenuation  rates  as 
great  as  10  dB/Mm  at  frequencies  around  75  Hz.  However,  these  large  attenu.  i ion  rates  can  occur  only 
over  Fairly  localized  (I  Mm  x  1  Min)  regions,  and  only  for  a  narrow  (~5  Hz)  frequency  band  that  resonates 
with  the  vertical  structure  of  the  puLcli. 

The  behavior  of  the  cxcital ion  factor  is  so  simple  that  we  need  not  ploi  it.  In  the  Idealized  limit  of 
a  perfectly  reflecting,  ahaiply  bounded  ionosphere  at  a  height  Hq  above  ground,  Ah  is  equal  to  l/2H(), 


I  1-3 

Even  for  diffuse  ionospheric  boundaries,  as  are  treated  in  this  paper,  the  magnitude  of  Aft  is  of  the  same 
order  as  the  reciprocal  of  the  nominal  ionospheric  reflection  heights.  Thus,  an  ionospheric  disturbance 
that  lowers  the  effective  reflection  height  will  increase  A^.  The  very  intense  disturbance  in  Fig-  1 
enhances  the  excitation  of  the  TEM  mode  by  about  a  factor  of  two, 

3.1.  Field  Strength  versus  Distance 

Figure  3  plots  ELF  field  strength  as  a  function  of  distance,  with  daytime  conditions  and  1  W  of  power 
radiated  at  75  Hz  from  a  horizontal  electric  dipole.  The  normal  curve  shows  signal  strength  versus  dis¬ 
tance  for  the  normal  model  of  Fig.  1  and  a  path  over  seawater.  The  other  curve  pertains  to  the  intense 
disturbance  of  Fig,  1,  and  could  represent  either  a  very  strong  SPE  or  a  spread-debris  nuclear  environ¬ 
ment.  Comparison  of  the  two  curves  shows  that  the  disturbed  signal  falls  below  the  normal  one,  provided 
that  at  least  3  Mm  of  path  are  exposed.  At  shorter  ranges,  however,  the  signal  is  stronger  in  disturbed 
than  in  normal  conditions.  Such  short-range  enhancement  occurs  because  the  disturbance  constricts  the 
earth- Ionosphere  waveguide  and  increases  the  excitation  factor.  The  enhanced  excitation  is  overcome  by 
increased  attenuation  for  long  paths. 

The  behavior  illustrated  in  Fig.  3  is  typical  of  that  calculated  for  strong,  stratified  disturbances  that 
cover  both  terminals  and  the  entire  propagation  path.  Such  environments  can  degrade  long-haul  ELF  signals 
by  several  decibels — a  much  weaker  effect  than  the  tens-of-dec Ibels  degradation  that  can  be  suffered  at 
VLF.  However,  the  difficulty  of  radiating  power  at  ELF  can  make  a  signal  loss  of  even  a  few  decibels 
significant. 

If  a  disturbance  covers  most  of  the  propagation  path  but  not  the  terminals,  the  benefit  of  enhanced  exci¬ 
tation  will  be  lost  and  the  signal  degradation  can  be  worse  than  shown  in  Fig.  3.  That  situation  can 
occur,  for  example,  on  a  transpolar  link  during  an  SPE.  Conversely,  if  a  disturbance  affectB  only  the 
region  near  a  terminal,  a  signal  enhancement  can  occur  regardless  of  pathlength.  Such  disturbances  are 
nunstratif led,  and  can  produce  reflections  and  diffraction  accounted  For  in  Sec,  4. 

Our  calculations  assume  a  perfectly  conducting  ground  and  neglect  the  geomagnetic  field.  Heating  of  the 
ground  and  leakage  through  the  ionosphere  are  therefore  not  a  factor,  and  the  attenuation  is  entirely  due 
to  heating  losses  suffered  in  the  ionosphere.  Figure  4  shows  the  height  pruliles  of  total  and  ion  heating 
loss;  the  difference  between  the  two  curves  is  due  to  electron  heating.  We  sec  that  ion  heating  is  the 
dominant  loss  mechanism  for  the  ELF  TEM  mode  under  strongly  disturbed  conditions.  The  disturbance  con¬ 
stricts  the  earth-ionosphere  waveguide  and  confines  the  fields  largely  to  altitudes  below  50  km.  Calcu¬ 
lations  not  repeated  here  show  that  ion  heating — though  nonne.gJ.igi ble — is  relatively  less  important 
under  normal  conditions. 

A.  EFFECTS  OF  NON STRATIFIED  DISTURBANCES 

Even  such  large  inhomogeneities  as  sporadic-E  patches,  the  polar  cap  boundary,  the  ionospheric  depression 
from  a  nuclear  burst,  and  the  day/night  tenHnator  can  cause  the  ptopertlsr  of  the  earth-ionosphere  wave¬ 
guide  to  change  markedly  over  the  huge  w.'  'elength  or  Fresnel  zone  of  an  ELF  signal.  Such  inhomogeneities 
therefore  cannot  always  be  assumed  str;  *.i'.  *.  This  section  describes  our  integral  equation  method  for 
analyzing  the  effects  of  lions t ra i i c led  disturbances  and  gives  some  numerical  examples. 

A. I.  Integral-Equation  Approac.: 

Under  conditions  in  which  the  ionoapuc 1  is  lsterally  uniform,  the  field  can  be  written  [Galejs,  1977} 

f-0  -  AA0F0(z)K0(x,  y)  V/ in  ,  (4) 

where  Ey  is  the  vertical  component  of  the  electric  field;  A  is  a  constant  involving  dipole  moment,  wave 
frequency,  and  ground  conductivity;  Ay  is  the  excitation  1  actor  of  the  TEM  waveguide  mode;  Fy(z)  is  the 
height  gain  function,  normalized  to  unity  at  z  -  0;  x,  y,  and  z  are  cartesian  coordinates,  with  7.  denoting 
altitude;  and  the  subscript  0  denotes  undisturbed,  laterally  homogeneous  conditions. 

The  lateral  dependence  ol  the  field  is  governed  by  the  function  Ey,  which  satisfies  the  two-dimensional 
wave  equation 

(VT  +  k2so)  *0  =  °  '  (5) 

2 

where  is  the  two-dimensional  Laplactan,  k  is  the  free-space  wave  number,  and  Sy  is  a  waveguide  propa¬ 
gation  constant  determined  by  imposing  boundary  conditions  on  Fy  at  the  ground  and  in  the  ionosphere.  At 
large  lateral  distances  d  from  the  source. 

Eg  o C  exp  (-ikSgd)  .  (6) 

Thus,  ReSy  is  the  ratio  of  the  speed  oC  light  to  the  phase  velocity  ul  the  TEM  waveguide  mode,  and  IuiSy 
is  proportional  to  the  attenuation  coefficient  p  such  that 

[3  “  -8.6klmS  dB/Mm  ,  (7) 


where  k  is  expressed  in  Min 
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In  the  presence  of  lateral  ionospheric  gradients,  fields  cannot  be  expressed  as  products  of  vertical 
and  radial  functions,  as  they  are  in  Eq.  (4),  But  when  irregularities  are  large  enough  to  significantly 
affect  ELF  propagation,  scales  for  lateral  variations  of  the  ionospheric  refractive  index  tend  to  be  much 
longer  than  those  for  vertical  variations,  V.’e  therefore  argue  that  the  waveguide  propagation  parameters 
depend  mainly  on  the  local  ionosphere,  and  that  separation  of  the  fields  into  vertical  and  lateral  func¬ 
tions  is  an  approximately  correct  procedure.  The  ground-level  field  [note  that  F(z  ■*  0)  =  1]  can  then  be 
written 

E  AA(x,  y)E"(x,  y)  ,  (8) 

where  the  lateral  dependence  resides  mainly  in  E,  satisfying 


[v£  +  k2S2(x,  y)J 


Unlike  Sq,  the  function  S(x,  y)  exhibits  a  spatial  dependence,  which  accounts  for  lateral  ionospheric 
gradients.  That  dependence  precludes  analytic  solution  of  Eq ,  (9)  in  all  but  a  few  special  cases. 

4.2.  Laterally  Bounded  Disturbances 

To  calculate  the  propagation  anomaly  due  to  a  laterally  bounded  disturbance,  it  is  convenient  to  recast 
the  wave  equation  as  an  integral  equation.  We  define  a  propagation  function  W,  denoting  the  fractional 
amount  by  which  the  disturbed  lateral  wave  function  E  differs  from  the  undisturbed  function  Eq ;  specif¬ 
ically, 

E(x,  y)  =  W(x,  y)E0(x,  y)  .  (1 

Then,  by  applying  the  two-dimensional  Green's  theorem,  and  following  the  procedure  of  Field  and  Joiner 
[1979],  we  find  that  W  satisfies  the  following  equation  if  the  transmitter  is  a  horizontal  electric 
dipole: 


W(x,  y)  -  1  - 


-J  J_  *  iy  L  ‘  '  S°K“;) — — 


^(x’ ,  y’)  1 


where  II  is  the  Hankel  function  and  the  geometric  terms  are  as  defined  in  Fig,  5.  Equation  (11)  is  simi¬ 
lar  to  that  used  to  analyze  ground  wave  propagation  over  nonuniforin  terrain  (e.g.,  by  Hufford  11952]). 

To  illustrate  the.  dependence  of  the  fields  on  key  parameters,  we  represent  the  disturbed  region  shown  in 
Fig.  5  by 


where  denotes  the  value  of  the  waveguide  propagation  constant  at  x  -  x,  y  *  0.  The  disturbance  is 
assumed  to  center  on  the  x-uxis,  and  y  denotes  the  trunuverse  location  of  the  receiver.  Adjusting 
£>1  -  sg,  (Ax) 2,  (Ay)2*-,  and  "x  hence  allows  Eq*  (12)  to  represent  disturbances  with  different  strengths, 
lateral  gradients,  and  longitudinal  positions,  The  disturbance  effectively  vanishes  when  |x  -  x|  or  y 
becomes  several  times  greater  than  Ax  or  Ay,  respectively.  Although  the  numerical  results  pertain  to 
the  model  described  by  Eq.  (12),  our  algorithm  for  solving  Kq  (11)  works  equully  well  for  any  bounded 
disturbance . 

4.3.  Numerical  Results 

Figure  6  plots  the  magnitude  of  W  no  a  function  of  the  off-path  distance  y  for  a  strong,  longitudinally 
confined  (Ax  =0.5  Mm)  disturbance,  with  curves  shown  for  several  effective  half-widths  Ay.  Our  calcu¬ 
lations  employ  values  of  S 1  and  Sq  corresponding  to  the  intense  disturbance  and  normal  profiles  in  Fig,  1, 
In  Fig.  6a,  W  is  computed  from  the  simple  nondeviative  WKB  formula 


|-lk  J  [s(*..  y’)  -  dr'  | 


where  the  integration  path  is  the  straight  line  connecting  transmitter  and  receiver.  The  figure  shows 
that  Kq.  (13)  gives  the  intuitively  expected  result;  namely,  W  In  smallest  for  y  =  0,  where  tin  direct 
path  intersects  the  peak  of  the  disturbance,  and  approaches  mill1/  for  y  »  Ay — when  the  direct  path  ef¬ 
fectively  misses  the  disturbance. 


On  the  *»ther  hand,  W  calculated  from  the  integral  equation  (XI)  is  shown  J 11  Fig.  6b  to  exhibit  a  pattern 
on  ;he  line  x  *  10  Mm;  a  maximum  for  y  -  0,  a  minimum  a  few  megameters  off-path,  and  then  increasing 


with  off-path  distance.  That  counterintuitive  full-wave  behavior  of  W  is  due  to  focusing  and  diffrac¬ 
tion — the  effects  of  which  are  ignored  in  the  nondeviative  WKB  formula. 


focusing  occurs  because  wave  normals  bend  toward  regions  where  S(x,  y)  is  large.  The  disturbance  there¬ 
fore  causes  the  waveguide  to  behave  as  a  converging  cylindrical  lens.  Diffraction  occurs  because  the 
effective  aperture  filled  by  the  "lens"  is  approximately  2Ay,  which  is  smaller  than  or  comparable  to  a 
Fresnel  zone  for  the  parameters  used  here.  Focusing  actually  overcomes  anomalous  attenuation  through  the 
center  of  the  narrowest  disturbances,  causing  |w|  to  exceed  unity.  The  dif f rac tion/focusi ng  pattern 
smoothes  out  as  2Ay  approaches  the  width  of  the  first  Fresnel  zone — about  6  Mm  for  the  10  Mm  pathlength 
used  here.  The  differences  her ween  Figs.  6a  and  6b  illustrate  the  importance  of  using  full-wave  analysis 
at  ELF,  even  for  disturbances  of  considerable  lateral  extent. 

To  illustrute  the  longitudinal  dependence  of  the  field,  Fig.  7  plots  |w|  as  a  function  of  the  longi¬ 
tudinal  distance  x  for  a  strong  disturbance  of  half-width  Ax  =  0.5  Mm  and  transverse  half-width  Ay  -  1  Mm, 
centered  on  the  direct  path.  The  standing  wave  pattern  in  front  of  the  disturbance  is  caused  by  reflec¬ 
tions  from  the  longitudinal  gradient;  ^.t  is  much  less  pronounced  for  larger  values  of  Ax.  The  magnitude 
of  W  gradually  recovers  toward  unity  behind  the  disturbance,  because  the  Fresnel  zone  broadenn — and  is 
therefore  less  completely  filled  by  the  disturbance — as  the  propagation  path  lengthens.  Such  a  re¬ 
covery  does  not  occur  for  disturbances  that  are  unbounded  in  the  transverse  direction. 

5.  DISCUSSION 

Our  calculations  cannot  be  directly  compared  with  measurements  until  controlled-sourcc  KLF  experiments 
are  carried  out  under  disturbed  conditions,  However,  the  literature  sui vey  of  Field  [1978]  identified  a 
number  of  atmospheric  noise  measurements  relevant  to  ihe  effects  of  ionospheric  disturbances  on  ELF  prop¬ 
agation.  The  measurements  pertain  to  the  behavior  of  KLF/VLF  noise  intensity  and  earth-ionosphere  cavity 
resonances  during  (1)  several  SPEs,  (2)  more  than  30  solar  flares,  and  (3)  the  Starfish  high-altitude  nu¬ 
clear  detonation,  They  permit  .several  key  theoretical  predictions  to  be  verified  semiquanti La Lively , 

There  Is  substantial  agreement  between  calculations  and  ELF/VLF  noise  intensity  measured  during  solar 
flares.  Experiments  [Sao  and  Jindoh,  1966;  Sao  et  al.  1970]  consistently  show  that  nearly  all  flares 
cause  the  intensity  to  increase  at  frequencies  between  30  Hz  and  1  kHz,  decrease  between  5  and  10  kHz, 
and  again  increase  between  10  and  30  kllz.  Calculations  show  that  such  flares  reduce  the  waveguide 
attenuation  rate  at  frequenc.Aca  where  noise  enhancement  is  measured,  but  raise  it  in  spectral  regions 
where  the  noise  usually  diminishes .  This  agreement,  which  occurs  over  Lhruc  frequency  decades,  supports 
results  of  the  computational  models  for  strati  l  ied  disturbances. 

Measurements  of  E1.F  noise  intensity  during  two  SPEs  were  reported  by  Larsen  [1974],  buL  too  lew  data 
were  gathered  Lo  determine  conclusively  wheLher  SPEs  alter  ELF  atiniiapher ic  noise  levels.  Measurement  of 
the  behavior  of  a  transpolar  ELF  signal  during  an  5PE  would  provide  valuable  data,  particularly  if  the 
ionospheric  height  profile  Is  measured  ulmul Laneously . 

Although  the  Schumann  resonance  band  (8  to  30  Hz)  is  somewhat  lower  thun  the  ELF  communications  bund  (45 
Lo  80  Hz),  both  propagate  in  the.  TEM  waveguide  modi  Datu  on  Schumann  resonances  may  therefore  be  mean¬ 
ingfully  compared  with  the  outputs  ol  KI.F  propagation  codes.  Such  a  comparison  ueiuLquuntitatively  sup¬ 
ports  the  validity  of  the  calculations.  Specifically,  the  calculations  predict  that  either  Starfish  or 
the  SPEs  would  cause  tile  frequencies  of  the  Schumann  resonance  peaks  to  shift  downward  by  0,5  to  1  llz 
and  the  (}s  of  the  resonances  to  decrease.  The  shift  in  resonant  frequencies  is  due  lu  the  depressed 
ionosphere  reducing  the  phase  velocity  of  the  signal;  the  decrease  in  Q  is  caused  by  an  increase  in  the 
attenuation  rate  in  the  earth- ionosphere  waveguide.  Measurements  by  liulser  aud  Wagner  [1963],  Gcndrin 
and  Stefant  [1962],  Teply  et  al.  [1963],  and  Nelson  [1967]  support  these  predictions, 

To  our  knowledge,  no  KLF  measurements  have  been  made  that  could  directly  confirm  or  deny  our  predictions 
for  nuuul raiil led  disturbances.  However,  the  conclusion  that  disturbances  varying  over  a  wavelength  or 
a  Fresnel  zone  will  cause  reflection  or  difTracLion — and  must  be  analyzed  with  full-wave  methods- — appears 
intuitively  correct.  Moreover,  all  hough  our  models  ure  based  on  daytime  SPEa  or  nuclear  environments , 
the  signal  structure  predicted  for  localized  disturbances  resembles  that  calculated  by  Pappert  [1980] 
for  sporadi r-K  patches.  Finally,  our  predicted  standing  wave,  and  diffraction  patterns  could  contribute 
to  the  anomalous  lateral  fluctuations  occasionally  observe  I  on  ELI1'  transmissions  from  the  Wisconsin  Test 
Facility  [Bannister,  1981], 
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ABSTRACT 

ELF  field  strength  propagation  data  as  recorded  in  polar  areas  by  the  U.  S.  Naval  Research  Laboratory 
frequently  show  periods  of  abnormally  low  values.  It  has  been  speculated  that  these  disturbances  are 
due  to  precipitating  particles  causing  enhanced  ionization  in  the  lower  ionosphere,  but  no  direct 
relationship  has  no  far  been  advanced.  The  paper  will  discuss  the  Influence  of  the  ionosphere  upon  ELF 
propagation  at  75  HZ.  Results  will  be  presented  for  the  propagation  path  from  the  U.S.  Navy  ELF 
Wisconsin  Teat  Facility  transmitter  to  Troms^,  Norway.  This  6  megameter  path  crosses  the  Greenland 
icecap  and  passes  twice  through  the  auroral  regions.  In  these  studies  full  wave  computations  have  been 
made  using  the  waveguide  mode  program  developed  by  Naval  Ocean  Systems  Center,  San  Diego.  The  propaga¬ 
tion  path  has  been  divided  Into  eight  segments  taking  into  account  in  an  approximate  way  the  varylug 
boundary  conditions  of  the  actual  waveguide.  Results  will  be  presented  and  discussed  for  conditions 
ranging  from  ambient  to  severely  disturbed.  Modeling  has  been  done  for  disturbed  ionospheric  conditions 
such  as  sporadic  E-layers ,  relaLivistic  electron  precipitation,  auroral  events  and  solar  proton  events. 
Detailed  electron  and  ion  density  profiles  have  been  deduced  from  satellite  observations  in  the  vicinity 
of  the  path.  The  Importance  of  the  electron  as  veil  as  the  ion  concentrations  will  be  discussed. 

1.  INTRODUCTION 

Extremely  low  frequency  (ELF)  transmissions  at  nighttime  are  known  to  be  quite  variable.  Transmissions 
from  the  U.S.  Navy  operated  Wisconsin  Test  Facility  (WTF)  to  receiving  sites  both  at  middle  and  high 
latitudes  are  observed  to  experience  anomalous  and  significant  signal  strength  reductions  of  up  to  3-5dB 
on  approximately  60  to  80  nights  per  year.  In  recent  years,  It  has  been  recognized  that  at  least  some 
of  the  observed  anomalies  are  due  to  enhanced  ionization  caused  by  precipitation  of  energetic  electrons 
and  protons  into  the  earth's  atmosphere. 

The  paper  will  describe  measurements  and  theoretical  field  strength  calculations  in  relations  to  polar 
propagation  paths.  The  various  possible  ionospheric  variations  giving  rise  to  propagation  anomalies  are 
discussed.  Initially,  n  brief  description  is  given  of  the  ELF  waveguide  model  used  by  the  authors  as 
well  as  a  short  summary  of  recent  advances  in  the  treatment  and  understanding  of  ELF  propagation. 

2 . 0  PROPAGATION  OF  ELF  WAVES  -  THEORETICAL  APPROACHES  TO  THE  CALCULATION  OF  FIELD  STRENGTHS 

2.1  The  NOSC  Model  Computer  Program 

A  waveguide  model  computer  program  that  has  been  used  extensively  over  the  last  years  and  which  is  also 
being  uBed  by  the  present  authors  at  Lockheed  Palo  Alto  Research  Laboratory  (LPARL),  was  developed  at 
Naval  Ocean  Systems  Center  (NOSC),  This  program  is  well  documented  In  the  literature  (see  e.g-  Shoddy 
1968;  Pappert,  1970;  Pappert  and  Moler,  1974).  The  program  Ib  based  jpon  the  formalism  developed  by 
Rudden  (1961)  and  Buddcu  and  Danicll  (1965)  for  elec tr origin? L 1l  wave  propagation  in  the  terrestrial 
waveguide.  Special  emphasis  has  been  given  to  its  applicability  in  the  extremely  low  frequency  (ELF) 
range. 

The  program  allows  for  u  terrestrial  wavegmde  with  the  following  characteristics: 

-  Arbitrary  electron  and  Ion  density  distributions  with  height 

-  Variable  electron  and  ion  collision  frequency  height  profiles 

-  The  lower  boundary  of  the  waveguide  is  assumed  to  be  a  smooth  homogeneous  curth  with  arbitrary 
conductivity  and  permittivity 

-  Allowance  is  made  for  the  anisotropy  of  the  ionosphere;  arbitrary  valuea  for  the  strength  and 
direction  of  the  earth's  magnetic  field  may  be  applied 

-  Horizontal  itthomD gene ties  (along  the  propagation  path)  may  be  taken  into  account  by  segmenting  the 
path  into  regions  having  different  height  profiles  for  the  waveguide  parameters  listed  above. 

The  computer  program  la  thus  capable  of  treating  waveguides  that  are  reasonable  model  representations  of 
the  actual  complex  terrestrial  waveguide*  The  program  does  not  allow  for  varlatlton  of  the  guide 
parameters  perpendicular  *  to  the  propagation  path,  therefore  uniform  conditions  have  to  be  assumed  over 
distances  extending  a  Fresnel  Zone  or  more  to  either  side  of  the  path*  This  restriction  has  long  been 
recognized  as  a  major  limitation  of  the  model. 

2 . 2  Recent  Developments 

fn  actual  radio  wave  propagation  situations  both  lateral  and  transverse  variations  can  be  expected  to 
occur  over  moat  paths,  especially  at  high  latitudes.  Recently,  off-path  effects  have  been  considered 
and  important  steps  have  been  taken  in  approaching  formulations  that  v  ’dross  the  real  three-dimensional 
problems,  at  least  in  an  approximate  way  (Pappert,  1980;  Field  and  Joiner,  1979;  Creiflnger  and  Grel- 
finger,  1978,  1979;  Bcoker,  1980)  as  briefly  described  below. 

Pappert  (1980)  treating  localized  disturbances  in  a  surface  propagation  raodel  coupled  with  a  moments 


method,  finds  that  a  thick  ionization  patch  at  E-region  heightB  can  produce  6-8dB  fades  in  signal 
strength  for  a  1.6Mm  propagation  path.  Deepest  fades  occur  when  the  disturbed  area  Is  well  within  the 
first  Fresnel  Zone,  and  varying  amount  of  fade  is  predicted  depending  on  size  and  location  of  the 
disturbance  are**.  When  the  center  of  the  disturbance  is  located  outside  the  second  Fresnel  Zone,  ue 
predicts  that  most  of  the  amplitude  fades  are  damped  out. 

Field  and  Joiner  (1979)  use  an  integral-equation  approach  for  analyzing  propagation  in  the  earth" 
ionosphere  waveguide  where  conditions  change  over  distances  comparable  with  a  Fresnel  Zone.  They  derive 
an  expression  for  the  relative  errors  introduced  by  neglecting  transverse  ionospheric  gradients  over  the 
path  and  find  that  full  wave  methods  must  be  applied  when  the  effective  width  of  a  localized  disturbance 
Is  less  than  two-thirds  of  the  width  of  the  first  Fresnel  Zone.  These  authors  nleo  conclude  that  the 
WKB  approximation  aignific  ntly  over-estimates  u  propagation  anomaly  when  the  disturbance  Is  centered 
near  the  propagation  path  and  underestimates  tl  momaly  when  the  disturbance  in  centered  far  off  path 
(c.f  also  Field,  1978,  1979,  Field  et  al.,  198 

Further  physical  insight  into  KLF  propagation  aid  Ionospheric  parameters  has  been  achieved  by  Greifinger 
and  Greifinger  (1978,  1979)  in  associating  the  eigen  value  solution  mainly  with  ionospheric  properties 
at  two  well  defined  altitudes  where  maximum  ohmic  heating  occurs.  Along  with  two  scale  heights  at  these 
altitudes,  they  derive  an  approximate  solution  for  the  ELF  mode  at  high  latitudes.  They  show  that  the 
lower  altitude  region  of  interest  occurs  where  the  conduction  current  parallel  to  the  magnetic  field 
becomes  equal  to  the  displacement  current.  At  these  heights  the  associated  scale  height  is  that  of  the 
parallel  conductivity.  At  the  other  height  regions  the  scale  height  in  question  is  that  of  the  refrac¬ 
tive  index.  For  daytime  conditions  the  authors  find  that  this  upper  height  level  is  situated  where  the 
local  wave  number  becomes  equal  to  the  reciprocal  of  the  local  scale  height  of  the  refractive  index. 

With  knowledge  of  these  four  parameters  an  approximate  wave  solution  may  be  found.  The  authors  conclude 
that  the  principal  attenuation  mechanisms  are  Joule  heating  by  longitudinal  currents  in  the  vicinity  of 
the  lower  altitude  and  energy  leakage  of  the  whistler  component  of  the  ELF  wave  at  the  upper  altitude. 

Booker  (1980)  presents  an  extensive  survey  of  ELF  propagation  and  outlines  a  theory  for  propagation  in 
the  ear lh“iouo sphere  transmission  line  based  on  the  work  of  Greifinger  and  Greifinger  (1979)  and  the 
earlier  theory  by  Booker  and  Lefeuvre  (1977).  His  method  greatly  advances  the  physical  understanding  of 
the  complex  reflection  and  absorption  processes.  Booker  (1980)  draws  attention  to  several  important 
results  important  for  understanding  ELF  propagation,  among  others: 

-  At  KLF  the  transition  from  nearly  horizontal  phase  propagation  to  nearly  vertical  propagation  takes 
place  in  a  refracting  stratum  at  the  bottom  of  the  ionosphere. 

-  Between  the  bottom  of  the  ionosphere  and  the  level  of  ELK  reflection,  change  of  phase  can  us  a  first 
approximation  be  calculated  on  the  basis  of  vertical  propagation  in  free  space. 

-  The  reflecting  stratum  is  located  approximately  at  the  level  where  the  ionosphere  fails  to  respond  as 
a  doubly  refracting  medium  to  the  ELF  waves. 

-  Thus,  above  the  reflecting  level  the  Ionosphere  is  a  slowly-varying,  non-iaotropic  medium,  whereas 
below  it,  the  Ionosphere  behaves  essentially  as  an  iBotropic  medium. 

In  this  theory  Booker  includes  the  magnetic  field  and  derives  a  propagation  model  with  worldwide 
appli cation. 

3.0  ELF  TRANSMITTER  AND  PROP AG ATI ON  PATH  CHARACTER 1 STICS 

A  thorough  and  comprehensive  treatment  of  man-made  ELF  experiments  is  given  in  a  special  issue  of  IEEE 
Transaction  of  Communi. cat ions  (April  1974).  Limited  experimental  activity  has  continued  since  1974 
using  the  U.S.  Navy's  experimental  transmitter  facility  in  Wisconsin. 

3 . 1  The  U.S .  Navy  ELF  Transmitter  (Wisconsin  Teat  Facility  -  WTF) 

The  Nuvy  ELF  Wisconsin  Test  Facility  (WTF)  consists  of  two  22.5  km  north-south  antennas,  and  one  22.5  km 
elevated  east-west  antenna.  Each  antenna  is  grounded  at  both  ends.  The  antenna  array  pattern  can  be 
steered  to  any  particular  receiving  direction.  The  transmitter  has  been  operated  in  the  45  and  75  Hz 
bands  with  antenna  currents  of  300  A.  The  antenna  radiation  pattern  and  noli  conductivity  (  ,)  under 

i he  antenna,  have  been  measured  by  Bannister  &  Williams  (1974),  and  all  ELF  field  strength  v  ues 
presented  here  have  been  normalized  to  nominal  antenna  character! u t les  and  the  revised  antenna  radiation 
pattern  (Bannister  et  al.,  1974)  is  applied. 

3.2  The  ionospheric  Conditions  Near  the  Transmitter 

In  Figure  1  is  indicated  the  location  of  the  transmitter  as  well  as  positions  of  selected  magnetic 
L-shclls.  The  Booker  excitation  circle  (Booker,  1973)  is  plotted  for  a  frequency  of  75  Hz  (radius 
equals  A  /2n ,  where  A  is  the  free  space  ELF  wavelength).  Superposed  on  the  figure  is  the  counting  rate 
of  precipitating  energetic  electrons  (>  150  keV)  as  measured  of  a  pass  by  the  1972-076B  aat?llite.  Such 
latitude  variations  of  the  incoming  fluxes  are  quite  typical,  and  will  cause  marked  local  pevtiirli.it  Ions 
In  the  Ionized  state  ol  the  Ionosphere  below  100  km. 

Thus,  in  this  case  homogeneous  ionospheric  conditions  do  not  exist  over  the  whole  excitation  region  of 
the  transmitter.  Experience  rrom  aeverul  yearn  of  satellite  measurements  Indicate  the  precipitating 
electrons  in  the  L  range  of  3-5  are  probably  present  most  of  the  time,  exhibiting  dynamic  time  and 
spatial  varintiono. 

Such  findings  complicate  the  ELF  field  prediction  schemes,  and  this  problem  has  yet  not  been  attacked 
fully  from  a  theoretical  point  of  view.  In  model  calculations  homogeneous  conditions  over  the  trans¬ 
mitter  area  are  mi  mimed. 
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3 . 3  ELF  Path  Characteriatlca 

The  NOSC  ELF  computer  code  allow*  calculations  to  be  made  with  the  propagation  path  divided  into  a 
number  of  segments,  within  which  the  propagation  medium  and  boundary  conditions  are  kept  constant. 
Table  1  lists  for  the  path  WTF  to  Tromad  the  segmentation  and  data  for  the  various  segments  as  used  by 
the  authors* 


Segment 

No. 

Se»ynent. 

Distance  Range 
from  WTF  (km) 

Conductivity 
(  mho/ m) 

.  . 

Rcl. 

Perm. 

E/B0 

Map,.  Field 
(Wb/m5) 

Co-dip 

(don.) 

Prop  Direct. 

(  b?.  5  multi 
in  degree.-.) 

1 

Transmitter  Area 

0-200 

-4 

3.2  x  10 

15 

5. 9*1  x  lo-5 

15.5° 

20° 

2 

Canada 

200-1000 

1.0  x  lO-3 

15 

6.05  X  10'5 

11.6" 

27° 

3 

Hudson  Bay 

1000-1800 

4.0 

01 

6  ,00  X  10~5 

7.7 

52° 

4 

North  Canada 

1800-2900 

1.0  x  10‘3 

15 

5.83  X  10'5 

6.U" 

8  9° 

5 

Davis  Straight 

2900-3300 

4.0 

81 

5-/2  X  10‘5 

6.6° 

102° 

6 

Greenland  I re  Cap 

3300-uuoo 

1.0  X  10'5 

5 

-5 

5.50  x  10  ? 

8.U° 

115" 

7 

Norwegian  Sen 

Ulioo-Jfioo 

4.0 

81 

5.26  x  lO-5 

10.6" 

122° 

8 

Receiver  Area 

(Tromso , Norway) 

3800 -rtxx) 

1.0 « 10 j 

i5 

5.23  x  10"5 

is. yn 

128° 

Table  1  Data  for  segmented  propagation  propagation  path  WTF  to  Trmosd. 


Other  paths  have  been  segmented  In  a  similar  manner  (Imhof  et  al.,  1977). 

Effects  of  changes  in  the  ionospheric  conditions  due  to  different  sola*  zenith  angles  along  the  propaga¬ 
tion  paths  (local  time  dependency)  have  also  been  considered  and  will  be  further  discussed  in  section  7, 

4.0  ELF  PROPAGATION  MEASUREMENT;)  AND  PREDICTIONS 

A  number  of  reports  present  results  from  recording  of  WTF  signals  propagated  over  different  paths  in  the 
USA  and  to  Europe  (Bannister  and  Williams,  1974*  Bannister,  1974;  Davis,  1974,  1976): 


Data  for  pnthB  ouch  as: 

(1.6  Mia  path  length) 
(3.6  Mm  path  length) 
(6.0  Mm  path  length) 
(7.5  Mm  path  length) 


-  WTF  to  Connecticut,  USA 

-  WTF  to  Greenland 

-  WTF  to  Trornu^,  Norway 

WTF  to  Pisa,  Italy 


have  been  collected  Indicating  the  diversity  of  different  propagation  media  analyzed. 


The  measurements  have  yielded  several  general  features  of  ELF  propagation,  viz: 


“  Seasonal  changes  in  ionospheric  characteristics  influence  ELF  propagation,  e.g.  through  variation  in 
the  attenuation  rates  and  relative  excitation  factors. 

Daytime  attenuation  rates  at  75  Hz  are  higher  than  nighttime  values,  typlcai  ambient  values  hh* 
1.1-1. 3  dB/Mm  at  day  and  0. 8-1.0  dB/Mm  at  night. 

Nighttime  propagation  is  mote  variable  than  daytime  propagation, 

-  Polar  cap  and  auroral  zone  effects  are  found  in  ELF  propagation. 


Such  findings,  reported  e.g.  by  Bannister  (1974)  are  also  reflected  In  theoretical  field  strength 
predictions  using  propagation  models  with  ambient  and  disturbed  ionospheres  (Pappert  and  Moler,  1974; 
Pappert ,  19/8,  1980;  Field  and  Joiner,  1979;  Itahof  et  al . ,  1976,  1977,  1978a,  19B0). 

4.1  Short  Path  Propagation 

Results  of  some  short  path  measurement h  (<  2000  Rm  path  length)  have  shown  that  anomalous  signal 
reductions  of  3  dH  and  more  may  occur  with  n  frequency  of  «  30£  of  all  nights.  These  signal  strength 
reductions  have  been  speculated  to  he  caused  by  precipitation  of  electrons  from  the  radiation  belts 
resulting  in  enhanced  ionization  In  the  lower  atmosphere.  Attempts  to  correlate  the  anomalous  signal 
strength  behaviour  with  geomagnetic  indices  indicating  the  degree  of  disturbed  magnetospherlc 
conditions,  have  met  with  limited  qucccbh. 


As  an  example  of  short  path  measurements  wc  show  in  Figure  2  the  nighttime  values  obtained  by  Bannister 
end  VJfllimnu  (1974)  for  the  years  1970-73  tor  the  WTF  to  Connecticut  path.  Signal  strength  variations, 


posBibly  seasonal,  are  seen.  The  average  valre  of  all  observations,  however,  agrees  to  within  0.1  dB  of 
the  predicted  ambient  night  value  as  calculated  by  the  present  authors.  Furthermore,  *n  Figure  3  is 
depicted  an  anomalous  signal  reduction  event  occuring  on  19  April  1973.  The  signal  reduction  lasting 
several  hours  amounted  to  Z  5  dB  as  compared  witn  night  values  before  and  after  the  event.  It  has  not 
yet  been  possible  to  associate  such  signal  attenuation  with  a  discrete  electron  precipitation  event 
using  satellite  data  coordinated  in  time  and  space  with  the  propagation  anomaly. 

4 . 2  Long  Distance  P ropagation 

Long  distance  ELF  propagation  also  shows  signal  fades  which  do  not  directly  seem  to  be  associated  with 
the  intensity  of  energetic  particle  precipitation.  Figures  4  and  5  show  ELF  measurements  by  1  ivis  & 
Mayers  (1975),  and  Bannister  (private  communications,  1978),  respectively,  together  with  plots  of 
magnetic  disturbance  Indicators.  In  Figure  5  energetic  electron  fluxes  precipitating  over/near  the  path 
are  also  given.  No  simple,  systematic  relation  between  low  signal  strengths,  precipitating  electron 
fluxes  or  geomagnetic  disturbed  periods  is  evident. 

5 . 0  DISTURBED  PROP/-* NATION  CONDITIONS 

In  the  following  a  discussion  of  possible  influences  of  energetic  electron  precipitation  (REPs  and 
auroral  events)  and  of  sporadic  E-layers  on  ELF  propagation  is  presented. 

5 . 1  Propagation  During  REP  Conditions 

Relativistic  electron  precipitation  events  frequently  cause  excess  ionization  in  the  ionospheric 
D-reglon  to  persist  for  oue  to  several  hours  over  relatively  large  geographical  areaB.  Larsen  (1974) 
infers  that  the  disturbed  area  may  extend  over  2000  km  in  longitude.  Satellite  measurements  indicate 
that  the  precipitation  area  may  cover  several  degrees  in  latitude  and  one  may  therefore  assume  that  the 
REPs  may  have  such  large  geographic  extentions  that  they  can  influence  ELF  propagation- 

Examples  of  precipitating  electron  energy  Bpectra  measured  at  satellite  altitudes  are  shown  by  Imhof  et 
al.,  (1981,  this  issue).  Often  the  spectrum  "peaks"  at  energies  between  800  -  1500  keV.  Ion  pair 
production  rates  from  such  events  are  high  enough  to  give  substantial  inc  . eases  in  the  electron  density 
down  to  50  -  60  km  in  altitude.  Although  such  precipitation  in  the  cases  considered  is  observed  in  a 
limited  latitude  interval  over/rear  the  propagation  path  -  it  is  not  unreasonable  to  assume,  as  a  first 
approximation,  that  precipitation  also  occurs  her  longitudes  simultaneously,  cf  Figure  6.  With 

this  assumption,  it  is  possible  to  extimate  t'<  ects  on  propagation  over  selected  paths,  cf  Tables  2 

and  3.  It  will  be  noted  that  signal  enhancements  are  predicted  for  all  these  nighttime  REPs,  by  1  dB  or 
more  when  the  effects  occur  over  the  transmitter  (receiver)  or  tenths  of  dB  when  the  effects  are 
localized  to  limited  areas  over  the  paths.  REP  conditions  o^er  the  complete  path  would  markedly  enhance 
the  signal  (by  several  dB).  Similar  findings  are  derived  for  auroral  precipitation  conditions. 


Observed  Invariant  Calculated  Field  Strength  Predicted 

Latitude  Range  of  Path  Segment  at  75  Hz  WTF-Tromso  Change  From 

Event  Date  Precipitation  for  Precipitation  (dB  wrt  to  lA/m)  Ambient  Night  (dB) 


Ambient  Night 

- 

-154.7 

- 

26  MarUi  1976  57.5'  -  64.8° 

0  -  900  kw 

-153.6 

+i.i 

IS  April  1977  61.5°  -  65.7° 

0  -  900  km 

-153.5 

+1.2 

200  -•  900  km 

-154.6 

+0.1 

whole  path 

-151.9 

+2.8 

7  Ma>  '777  65.2°  -  68.9° 

0  -  1800  ka 

-153.4 

+1.3 

1000  -  1800  Urn 

-154.4 

+0.3 

whole  path 

-151.9 

+2.8 

Table  2  Calculated  field  strengths 

for  electron  precipitation 

events.  Tranomi salons 

from  the  WTF  to 

the  receiving  station  at  Troma^.  Norway. 

Table  2 


1 2  5 


Profile 

Date 

Path  Segments 
for  Precipitation 

Calculated  Field 
Strength  at  75  Hz 
(dB  wrt  l  A/m) 

Predicted  Change 
from  Ambient  Night 
(dB) 

Aabienc  Night 

-152.3 

- 

19  April  1977 

0  -  1200  ka 

-152.1 

+i.2  ; 

300  -  1200  km 

-152.2 

+0.1 

7  May  1977 

0  -  1200  ka 

-151.2 

+1.1 

300  —  1200  km 

-i52.1 

+0.2 

Table  3  Calculated  field  strengths  WTF  -  Greenland  (3.5  Ma  path)  for  19  April  and  7  May  1977 
precipitating  e lectron  profiles - 

In  some  cases  RHP  Ionization  profiles  have  also  resulted  In  predicted  signal  decreases.  The  position  of 
the  disturbed  area  In  relation  to  the  physical  propagation  path  is  the  deciding  factor  (Imhof  et  al., 
1978b) . 

In  addition  to  direct  Ionization  due  to  the  electrons  during  an  RHP  event,  there  is  also  some  secondary 
ionization  due  to  bremsstrahlung  x-rays  produced  by  the  electrons.  This  contribution  is  usually 
neglected,  but  in  suae  cases  it  ought  to  be  considered.  In  some  of  the  cases  studied,  the  x-rays 
dominated  as  ionization  source  between  40  and  60  km,  filling  in  the  "valley”  between  the  profile  of  the 
electron  ionization  and  that  of  the  galactic  cosmic  rays.  Inclusion  of  the  x-ray  contribution  resulted 
in  one  case  in  a  predicted  field  strength  enhancement  of  0.7  dB  over  the  signal  strength  computed 
without  the  x-ray  ionization  (calculated  for  the  1.6  Mm  path:  WTF  -  Connecticut). 

In  summary,  ELF  measurements  (coordinated  with  satellite  particle  measurements)  and  ELF  computer  code 
predictions,  have  given  the  following  conclusions: 

-  From  both  the  satellite  and  ELF  station  measurements  it  has  been  found  that  direct  particle 
precipitation  into  the  atmosphere  can  cause  ELF  transmission  anomalieb .  In  these  anomalies  the 
signal  strengths  may  be  either  attenuated  or  enhanced  depending  upon  the  path  characteristics  and 
details  of  the  ion  pair  production  profiles.  Nighttime  REP  events  may  on  the  average  Improve  ELF 
propagation  conditions. 

-  Variations  in  the  nighttime  ELF  signal  strengths  on  a  fine  time  scale  are  observed  which  may  be  due 
entirely  to  electron  precipitation,  but  cannot  be  accounted  for  quantitatively  due  to  present 
limitations  in  the  measurements  and  computational  techniques. 

-  The  geometry  for  the  effect  of  electron  precipit  ation  on  i  l^htfire  ELF  tianbmisslon  is  very  complex 
and  as  a  result  the  need  for  new  te-'h-'J qur  1  ?  napulug  electron  precipitation  profiles 
simultaneously  over  a  bro«. d  nrjstiii  region  has  become  apparent. 

5 . 2  Possible  Influence  of  Sporadic  E-Layers  on  ELF  Propagation 

Attempts  to  explain  observed  ELF  signal  variations  in  terms  of  excessive  losses  in  sporadic  E-layers 
have  resulted  in  predicted  signal  fades  of  the  right  magnitude  (Pappert  1978,  1980;  Barr,  1977;  Imhof  et 
al.,  1976,  1977,  1978a,  1980)  both  for  short  and  long  paths. 

Measured  Eg  layers  are  very  thin  (3-4  km  or  thinner),  but  they  may  extend  over  large  geographical  areas, 
up  to  1  Ma  and  more  (Whitehead,  1970).  These  layers  do  not  reside  at  a  constant  height,  but  seem  to 
move  towards  lower  heights  with  time.  One  example  of  a  sporadic  E-layer  measured  at  Wallops  Island 
(Vobb,  private  communication  1979;  Smith  and  Miller,  1980)  1b  shown  in  Figure  7. 

Propagation  characteristics  at  75  llz  for  such  a  profile  indicate  significant  departures  from  ambient 
conditions,  viz: 

Ambient  night:  Attenuation  rate,  a  -  1.07  dB/Mm;  Phase  velocity/free  space  velocity,  v/c  «  0.85 

E  :  Attenuation  rate,  a  -  1.83  dB/Mm;  Phase  velocity/free  space  velocity,  v/c  *  0.75 

In  such  cases  the  attenuation  rate  vs.  frequency  exhibits  a  pronounced  peak,  up  to  10  dB/Mm  or  more. 

The  frequency  of  this  peak  varies  with  thickness  and  height  position  of  the  Eg  layer.  In  this  specific 

case,  no  peak  was  found  <n  the  attenuation  rate  vs.  frequency  when  the  Eg  layer  was  situated  at  105  km 
where  It  originally  was  o, -served. 

A  resonant  absorption  effect  may  explain  the  high  attenuation  rates  (cf  Imhof  et  al.,  197G,  1977; 
Pappert,  1978,  1980).  Large  values  for  the  attenuation  rates  can  furthermore  result  from  reflections  at 
more  than  one  level  in  the  ionosphere  (Barr,  1977). 

Amplitude  variations  on  longer  propagation  paths  may  also  tentatively  be  explained  by  sporadic  E  layers, 
in  as  much  as  propagation  characteristics  for  such  profiles  Indicate  attenuation  effects,  but  the  degree 
of  attenuation  depends  on  the  position  of  the  E  layer  with  respect  to  the  propagation  path.  As  an 
example,  in  Table  4  is  shown  some  computed  field  strength  values  for  Eg  conditions  over  three  selected 
areas  for  the  path  WTF  to  Troma^,  Norway.  The  values  marked  Eg  x  10  are  calculated  for  an  increase  in 
the  electron  density  of  the  Eg  l.iyer  (only)  by  a  factor  of  10,  cf  Figure  Apparently  the  geographic 
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position  of  the  Eg  layer  with  respect  to  the  propagation  path  and  ita  intensity  must  be  known  in  order 
to  predict  ELF  field  strength  values  for  comparison  with  measured  values. 


Field  strength  dB  WRT/A/m 


Ambient  night  -  154.7 

E,  over  receiver,  ambient  elsewhere  -  155.5 

o 

Eg  over  Norwegian  Sea,  ambient  elsewhere  -  156.5 

Eg  x  10  over  Norwegian  Sea,  ambient  elsewhere  -  165.9 


Table  4  Calculated  field  strengths  at  75  Hz  for  propagation  WTF  to  Troms<$,  Norway. 

Effects  are  predicted  for  an  Eg  over  Norwegian  Sea  area  (~  1400  km  in  latgral  ei^e)  amounting  to  2  2  dB 
attenuation.  For  the  very  enhanccu  Eg  (Peak  electron  density  of  1.5  .  10  el/cm  )  a  major  signal  fade 
in  excess  of  10  dB  is  predicted. 

We  may  thus  conclude  that  idealized  Eg  disturbances  have  produced  severe  ELF  attenuation  in  model 
calculations,  but  actual  measurements  of  E  conditions  have  not  been  made  during  the  operation  of  the 
Navy's  ELF  transmitter.  Attempts  to  explain  the  observed  ELF  signal  fadeB  in  terms  of  absorption  due  to 
Eg  conditions,  can  therefore  not  be  conclusive,  but  the  theoretical  efforts  in  this  ares  point  out 
potential  important  considerations  of  Eg  effects  on  an  ELF  communication  system. 

6.0  CALCUI^TIONS  FOR  SIMULATED  SPE  CONDITIONS 


There  have  been  no  actual  measurements  of  signals  from  WTF  during  a  solar  particle  event  (SPK).  Calcu¬ 
lations,  for  simulated  conditions,  however,  indicate  that  significant  signal  strength  reductions  could 
occur.  The  total  amount  of  signal  absorption  would  depend  on  the  position  of  the  ELF  transmission  path 
in  relation  to  the  extent  of  the  disturbed  area. 

6 . 1  SPE  Simulations  Using  Data  from  the  August  1972  Event 

Imhof  et  al«,  (1980)  summarized  their  findings  using  simulated  data  from  the  August  1972  particle  event 
as  follows: 

-  SPE  nighttime  conditions  as  observed  during  the  August  1972  event,  will  decrease  the  ELF  signal  at  75 
Hz  by  several  dB  over  a  polar  propagation  path  (WTF  to  Troms4)  for  uniform  conditions  along  the  whole 
path. 

-  The  received  ELF  field  strength  for  such  a  path  is  predicted  to  be  reduced  by  an  additional  1-3  dB 
when  the  WTF  transmitter  area  is  outside  the  SPE  disturbed  area. 

-  The  ELF  signal  strength  was  found  to  be  sensitive  to  changes  in  the  ion  densities  at  heights  below 
45-50  km. 

Additional  calculations  gave  similar  results  also  for  daytime  SPE  conditions. 

6 . 2  Sensitivity  of  ELF  Field  Strengths  Using  Other  Simulated  SPE  Conditions 

Since  these  studies  emphasized  the  importance  of  SPE  conditions  in  absorbing  energy  from  the  ELF  waves, 
it  was  of  interest  also  to  make  computations  for  other  sol at  particle  events,  having  energy  spectra  of 
different  spectral  shape  and  intensity.  Results  will  be  given  for  the  following  cases: 

SPE  of  12  Nov.  1960  1980  UT 

SPE  of  2  Nov.  1969  1948  UT 

SPE  of  4  Aug.  1972  1508  UT 

The  deduced  »1«*furor»  and  positive  ion  densities  for  these  cases  are  plotted  Xu  Figut^  8.  It  may  be 

inferred  that  the  November  1960  event  had  a  harder  proton  Bpectrum  yielding  higher  N  densities  below  30 
km  than  the  August  1972  PCA.  Above  80  km,  however,  the  ionization  due  to  the  protons  during  the  I960 
and  1^69  events  was  below  the  normal  ionization  levels  of  the  solar  radlAtlon  and  the  daytime  ambient 
and  N  ctirven  have  been  used  from  80  to  160  km  for  these  two  cases. 

Care  has  been  taken  to  include  proper  ion  densities  at  all  heights.  The  values  for  the  positive  ions 
above  40  km  are  obtained  using  the  chemistry  code  of  Gunton  et  al.,  (1977).  At  lower  altitudes  the 
values  for  the  positive  ion  density  are  obtained  using  the  formula 


N+  /  ■|/a1(h,  T) 


is 

on 


the  height  and  temperature  dependent  Ion-ion  recombination  rale  and  q  is  the  Ion  pair 
rate. 


The  calculated  resultB  are  given  In  Table  5.  As  can  be  noted  attenuation  of  up  to  6-8  dB  over  ambient 
conditions  la  predicted  for  these  SPE  conditions. 


SFK 


12  Nov  I960 
2  Nov  1969 
4  Av«;.  1972 


Calculated  Field  Strength 
(dB/lA/m) 

-162.8  dB; 

-155.7  dB; 

-160.4  dB; 


8.1  dB  below  aabient 
1.0  dB  below  aabient 
5.7  dB  below  aabient 


Table  5  Calculated  ELF  signal  strengths  at  75  Hz  for  the  path  WTF  to  Troaad  during  solar  proton  events. 

For  these  simulated  cases,  aabient  conditions  were  assumed  over  the  WTF  transmitter  area.  In  Table  6  la 
listed  the  S-vilues  (sin  (0),  the  eigen-angle  solution)  for  three  selected  segments  of  the  path, 
representing  a  range  in  ground  conductivity  and  different  propagation  with  respect  to  the  earth's 
geomagnetic  field.  For  conparlwon,  a  recent  S-value  computed  by  Field  et  al.  (1980)  at  75  Hr  for  a 
"strong  PCA"  case  is  included. 


Segment 

SPE  12  Nov  I960 

SPE  2  Nov  1969 

SPE  2  Aug  1972 

#6  Greenland  - 

Icecap,  ° ■  10 
mho/m 

1.4526-0.3086  1 

1.3563-0.1916  1 

1.4308-0.2725  1 

#7  Norwegian 

Sea,  o  m  4 
mho/m 

1.3656-0.2139  1 

1.2681-0.1104  1 

1.3337-0.1725  1 

#8  Troms^  - 

Land,  o  -  10 
mho/m 

1.3748-0.2252  1 

1.2767-0.1187  1 

1.3433-0.1830  1 

Field  (1980)  Value  for  Sx  -  1.50-0.25  1 

’’strong  PCA" 


Table  6  Computed  values  for  S  (»  sin  (q))  at  75  Hr  for  various  segments  along  propagation  path  WTF  to 
Tromad •  Also  given  Is  the  value  deduced  by  Field  et  si.,  (I960)  for  "strong  PCA"  case . 

6 . 3  Sensitivity  of  ELI'  Waves  to  Absorption  by  Iqiib  at  Low  altitudes  During  SPE  Conditions 

In  this  section  we  will  briefly  dlscut a  the  Importance  of  lone  below  45-50  km  altitude  In  determining 
the  absorption  of  ELF  waves.  Calculations  were  made  at  75  Hz  for  the  WTF  to  Troms4  path.  To  achieve 
this  we  haue  modified  the  4  Aug  1972  and  12  Nov  1960  ion  profiles  at  low  altitudes,  and  calculated  the 
effects.  Figures  9  and  10  show  the  modifications  and  the  corresponding  computed  field  values,  respec¬ 
tively. 

It  cun  be  concluded  that  the  ions  formed  by  the  high  energy  tail  of  the  precipitating  protons  below 
45-50  km  are  significant.  In  the  caBe  of  the  Nov  1960  event  the  ions  below  40-45  km  would  cause  about  8 
dB  attenuation  over  the  6  Mm  path  to  TromsiJ.  The  region  20-45  km  seemB  to  be  the  most  important  height 
range  for  this  attenuation,  but  enhanced  densities  even  below  20  km  cause  some  absorption. 

Figure  9,  shoving  the  modifications  to  the  daytime  4  Aug  1972  (Test  CaBe  #1),  also  Indicates  effects  due 
to  a  postulated  "extreme"  case  for  ion  densities  below  20  krn»  Here  the  Lon  densities  are  air  .oat  two 
orders  of  magnitude  above  aabient  at  10  km  level.  The  amount  of  ohmic  heating  that  occurs  at  these 
altitudes  Is  strongly  reduced  and  only  a  minor  ldB)  amount  of  excess  absorption  takes  place. 

From  the  present  and  earlier  Ktudies  the  following  conclusions  can  be  drawn  regarding  importance  of 
ions : 

-  Relatively  little  ELF  attenuation  seems  to  occur  below  about  20  km.  For  extreme  cases  with  high  N+ 
densities  some  ELF  attenuation  is  predicted  to  occur  even  at  these  altitudes. 

In  the  height  range  20-45  km  lone  dominate  as  cause  for  the  ELF  wave  attenuation  through  ohmic 
dissipation  during  disturbed  conditions.  Such  ohmic  losses  may  account  for  50-60X  of  the  total  wave 
absorption,  and  they  maximize  around  30-40  km  for  the  profiles  analyzed. 

-  At  heights  above  45-50  km  the  ion  contribution  to  the  ionospheric  conductivity  decreases  fast 
relatively  to  the  electron  component  which  rapidly  becomes  the  dominant  part  at  these  and  higher 
altitudes. 

6.4  Sens!  tivity  of  ELF  WaveB  to  Changes  in  Electron  Denslt  1  es^  at__T  .ow  Heights  During  SPE  Condition  a 

During  SFK  daytime  conditions  the  electron  densities  around  40  to  50  km  may  be  4-5  orders  of  magnitude 
above  the  ambient  values-  Clearly  some  uncertainty  will  be  connected  with  the  deduced  electron  densi¬ 
ties  (N  )  due  to  changes  In  reaction  rate  coefficients  etc.  A  simple  test  on  the  sensitivity  of  the  ELF 
field  strengths  to  changes  at  low  heights  can  be  made  by  moving  the  lower  part  of  the  N^  profile  up 
and  down,  say  5  km,  end  perform  field  strength  calculations  lor  these  cases. 
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As  an  example  we  have  t|iken  the  4  Aug  1972  SPE  Day  Teat  case  #1  and  modified  It  below  60  km  In  the  way 
suggested  above.  The  N  curve  was  kept  unchanged  an  were  the  electron  densities  above  65-70  icm. 

Such  calculations  Indicate  that  for  a  solar  proton  event  like  that  on  Aug  72  an  uncertainty  In  the  lower 
part  of  the  profile  of  +  5  km,  would  yield  a  +  1  dB  uncertainty  In  the  field  strength  value. 

It  may  be  noted  that  lowering  the  profile  at  low  altitudes  by  5  km  (making  the  ionosphere  5  km  thicker) 
Increases  the  expected  signal  level  essentially  through  a  lover  value  for  the  attenuation  constant. 
Conversely,  raising  the  Np  profile  by  5  km,  resulted  in  increased  attenuation  rates  by  0.3-0. 4  dB/Ma. 

7.0  EFFECTS  OP  CHANGE  IN  SOLAR  ZENITH  ANGLE  ALONG  THE  PROPAGATION  PATH 

Over  a  long  propagation  path  the  solar  zenith  angle  (x )  will  change  according  to  the  local  time,  as  will 
the  Ionospheric  conditions  since  the  effective  recombination  rates  for  free  electrons  are  dependent  upon 
time  of  day.  Thus,  even  during  a  solar  proton  event  when  the  Ionization  rate  can  be  assumed  to  be 
constant  over  the  whole  disturbed  polar  cap  region,  the  electron  density  height  profile  will  vary  with 
position. 

In  order  to  estimate  the  magnitude  of  this  effect  during  a  SPE,  the  4  Aug  1972  1144  UT-ionization 
profile  was  used  to  calculate  the  N  profiles  at  different  solar  zenith  angles,  cf  Figure  11*  Waveguide 
calculations  were  made  for  several  simulated  "seasons",  e.g.  for  a  spring  equinox  situation  (21  Murch  22 
UT)  with  propagation  from  day  conditions  over  the  transmitter  (x  ■  68.5  )  into  night  with  X  *  110°  at 
the  receiver  (Troasi^,  Norway).  Runs  were  also  made  with  either  day-  or  night  conditions  over  the 
complete  path.  Results,  shown  in  Table  7  indicate  that  for  more  accurate  prediction  estimates  of  signal 
strength  for  a  path  like  WTF  to  Trowel,  the  effects  of  the  solar  zenith  angle  variation  should  be 
included. 


Solar 

Zenith 

Pnth 

Segment 

Calculated  Field  Strength  at 

75  Hz  (<1B  wrt  lA/m) 

Calculated  Change  from 
Ambient  Night  (dB) 

a)  79.5° 

Whole  path 

-156.5 

-1.9 

b)  110.0° 

Whole  path 

-159.6 

-4.9 

c)  79.5° 
89.5° 
95.0° 
110.0° 

0  -  2900  km 

2900  -  3300 

3300  -  4400 

4400  -  6000 

-158.1 

-3.4 

Table  7  Calculated  field  strengths  WTF  -  Norway  for  SPE  of  4  Aug  72.  Variations  In  electron  density 
' th  Bplar  zenith  angle.  In  case  c)  four  representative  electron  density  profiles  have  been 
used  as  Indicated 


8 . 0  CONCLUDING  REMARKS 


Additional  experimental  work  is  needed  to  resolve  with  greater  certainty  the  potential  influence  and 
consequences  of  various  geophysical  phenor  na  upon  ELF  propagation. 

Special  initiatives  are  desired  to  further  develop  three-dimensional  models  in  order  to  incorporate  more 
complex  waveguide  conditions  In  theoretical  analyses  of  ELF  propagation*  Efforts  to  ntudy  non-homogc- 
nous  excitation  regions  are  encouraged. 
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Figure  1  Location  of  the  Wisconsin  Teat  Facility  (VJTF)  and  positions  of  the  auroral  rone  and 

selected  magnetic  L-shella.  The  Booker  excitation  region  is  also  shown  along  with  the 
intensity  of  precipitating  electrons  measured  on  a  satellite  pass. 


Figure  2 


75-11*  monthly  nighttime  field  strength  averages  for  1970-73  for  the  pnlU  WTF  to  Connec¬ 
ticut  (Bannister  and  Williams,  1974).  The  error  bars  mark  the  BOX  confidence  intervals. 
Also  shown  la  the  LPARL  calculated  ambient  field  strength  level . 
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Figure  3  16-20  Ay  11  1973  Connecticut  76-Hr  Nighttime  Field  Strengths  versus  Local  Tine  (Effective 

Integration  Tine  “  30  min/ sample) .  (Bannister  et  al.,  1973). 
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Figure  4 


ELK  field  atrengtha  at  42  Hz  of  WTK  transmiBaiona  to  Maryland,  IKS.,  Greenland  mid  Norway. 
The  geomagnetic  indices  (D^  and  A  )  are  given  (Davis  and  KeyetB,  1975). 
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ELECTRON  DENSITY  (cm'3) 


7  Sporadic  K~layer  profiles  used  In  calculations  baaed  on  the  measurements  of  Voea  (private 

communication  1977).  The  original  E^,  layer  waa  observed  at  105  k*f  but  haa  been  raised  to 
lltt  km  for  these  computations.  Variations  of  the  original  profile  include  Increase  of  the 
apika  by  a  factor  of  10. 


Figure  8 


Electron  and  posLtlvv*  Ion  densities  vs.  altitude  for  three  PCA  teat  prof lien.  The  numbers 
<m  the*  curves  arc  the  calculated  nignnl  ntrrngthii  lu  dll  at.  75  Hr  fur  t  hr  TronunA  path. 
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Figure  9  Flection  and  ion  density  profiles  for  the  PCA  Day  Teat  Case  #1  and  modifications  ol  the  ion 
profile  to  teat  aenaitivUy  of  the  signal  strength  over  the  WTF  to  Trews  6  path  to  such 
variations.  The  numbers  on  the  curves  are  calculated  field  strengths  in  dB  at  7b  Hz. 


Klee tron  and  ion  density  profiles  for  the  PCA  of 
the  positive  ion  portions  to  test  sensitivity  of 
The  numbers  on  the  profiles  are  calculated  field 
Troau^  path. 


12  Nov  I960  along  with  modifications  in 
the  signal  strength  to  such  modifications, 
strengths  In  dB  at  75  Hz  over  the  WTF  to 


Figure  10 
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LLF  NOISE  SURVEYS  -  A  REVIEW 

Emil  f.  Soderberg 
Naval  Underwater  Systems  Center 
New  London i  Connecticut  063?() 


SUMMARY 

Noise  measurement  surveys  have  boon  made  in  various  geographical  areas  to  determine  the 
character i sties  of  ELF  noise  in  power  spectral  variation  with  season  ami  time  of  day,  and  of  noise 
correlation  between  widely  separated  locations.  By  far,  the  majority  of  measurements  have  been  made  at: 
ground  stations,  with  a  small  number  having  been  made  above  the  earth  and  in  space,  ami  oven  fewer  having 
been  made  in  the  sea.  The  various  surveys  are  reviewed  and  the  ELF  noise  characteristics  in  each  area 
are  discussed. 


INTRODUCTION 

A  variety  of  noise  sources  contributes  to  the  electromagnetic  radiation  found  in  the  extremely  low 
frequency  range  (3-3000  llz),  Lightning  discharges,  power  line  frequencies  and  power4  line  harmonic 
radiation,  and  magnetospheric  plasma  wave  phenomena  all  produce  energy  whose  frequencies  fall  partially 
or  wholly  within  Ibis  band,  and  thus  represent,  present  or*  potential  subjects  ol  interest  to  the 
consideration  of  using  various  parts  of  the  LLF  hand  for  coiiwmn icat ion  purposes. 

There  have  been  quite  a  few  noise  surveys  made  in  the  range  3-3000  llz  to  determine  the 
characteristics  and  intensity  of  the  electromagnetic  background  at  various  local  ions  about  tin*  earth. 

Must  of  Uu.se  measurements  have  been  made  at  ground  stations  around  the  world,  a  small  number  have  been 
mar1'*  above  the  earth  and  in  space,  and  even  fewer  have  been  made'  in  the  sea.  They  have  been  made  for  a 
variety  uf  reasons:  for  the  purpi.se  of  studying  propagation  effects,  tor  determining  communication 
background  noise,  for  examining  the  effects  of  magnetospheric  processes  upon  power  line*  transmission 
s /stems,  and  conversely,  for  studying  the  effects  of  power  line  harmonics  upon  ionospheric  and 
magnetospheric  processes,  iven  though  each  uf  them  has  been  done  lor  a  specific  purpose,  and  the  data 
has  been  analyzed  within  the  framework  of  a  particular  objective,  they  all  contribute  In  a  body  ol 
information  that  constitutes  what  we  may  call  .in  III  noise  data  base* 

The  purpose  of  this  report  is  to  hriel  I y  review  the  various  noise  surveys  that  have  been  made,  and  Lo 
note  some  ol  the  I.U  noise  iiHVasurmenl  resources  that  exist  (Tables  1;  2  and  3)  and  some  of  the  literature 
that  contain  data  on  noise  in  the  I.U  hand.  In  the  following  sections  we  will  take  a  look  at  1.1. 1  noise 
measurement  surveys  in  the  areas  ol  terrestrial  noise,  plasma  wave  noise  and  III  noise  in  the  sea. 


1 1  RRI.S1R1AI  NU1SL 

11m?  dominant  source  of  natural  III  terrestrial  noise  is  worldwide  l bunders  turn?  activity,  l he  nearly 
constant  occurrence  of  lightning  discharges  gives  rise  to  a  broad  spectrum  ol  energy  which,  in  the  III 
band,  propagates  throughout  the  eart.li -ionosphere  cavity  with  relatively  low  attenu.il  ion.  Climatological 
data  (Handbook  of  lioophysics)  show  that.  Southeast  Asia,  Central  Africa,  and  South  and  Central  America  are 
regions  of  maximum  activity,  with  an  overall  worldwide  average  of  almost.  ?()0l)  lightning  centers  existing 
at  any  one  time  over  the  earth’s  surface.  I  he  mean  numbei  of  lightning  discharges  is  on  the  order  of  30 
to  100  per  second.  In  the  frequency  range  of  interest  here,  two  types  of  lightning  an?  responsible  for 
tile  observed  radiation:  cloud- to -cloud  discharges  in  the  tropics  lhaL  produce  large  transient  signal;, 
below  40  |lz  (Kemp,  19/1),  and  cloud  Lo-ground  discharges  that  have  c  long  discharge-current  time  constant 
and  produce  "slow  tail"  atmospheres  with  energy  above  40  Hz  (Fierce,  1%0). 

At  the  lower  end  of  the  ELF  band,  the  energy  from  vertical  (cloud  to  cloud  and  c  loud-tu- ground) 
lightning  strokes  excite  the  earth- ionosphere  cavity  and  (jive  rise  to  resonance  peaks  in  the  noise 
spectrum,  called  the  Schumann  resonances  (covered  1u  a  section  below).  Studies  of  Liu'  ebararfrri st ics  ol 
these  resonances  (relative  mode  amplitudes,  mode  -sp I i It  inn,  resonance  ())  may  bo  used  to  give  indications 
of  the  location.*  of  thunderstorm  centers  and  information  almut.  the  propagation  path  between  the  receiver 
and  tiie  noise  sources. 

Observations  of  atmospheric  noise  in  and  above  the  Schumann  resonance  region  have  been  made  by  Watt 
and  Maxwell  (195/),  Maxwell  (1967),  Oy.iwa  et  «il.  (1966),  llarr  (19/0),  and  others.  Horner  ( J 9/0) 
discusses  the  use  nf  atmospherics  for  studying  the  ionosphere.  Harr  (19/0)  has  investigated  the  region 
between  ?()  llz  and  \?  kllz,  and  particularly  the  attenuation  band  near  3  kllz.  Similarly,  Dinger  et  <d, 
(19811)  report  measurements  in  the  range  14  kllz,  noting  a  diurnal  variation  that  suggested  the  existence 
ol  a  large  propagation  anisotropy  in  the  nighttime  earth- ionosphere  waveguide  at  3  kllz.  Fraser  5mii.li  and 
llelliwell  (1980)  describe  the  variations  in  amplitude  and  rate  of  occurrence  of  I  LI  si erics  in  Anfnrclic.i 
caused  by  a  solar  proton  event  (SIM),  and  nolo  that  nun-made  luwer-El  I  signals  propagating  over  paths 
passing  through  the  polar  regions  are  likely  to  he  somewhat  reduced  in  strength  during  the  first  'M  hours 
of  a  moderately  large  SIM  . 

Very  striking  displays  of  energy  are  si  m  in  the  whistlers,  which  a  I  though  mainly  VI  f  phenomena, 
extend  down  into  the  ILF  range.  Ihrouglmut  the  I  LF  hand  are  also  seen  I  Ik*  effects  of  man  made  noise  at 
the  power  linn  frequencies  md  their  harmonics,  these  are  examined  in  the  sections  below. 
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Measurements  of  these  ELF  band  emissions  have  born  made  at  many  ground  stations  around  the  world. 
Table  1  is  a  partial  listing  of  the  ground  stations  having  the  capability  for  measuring  noise  in  the  ELF 
range.  The  list  is  in  the  process  of  being  updated,  and  several  of  the  entries  include  the  latest 
information  available  from  the  investigators  themselves  through  their  very  kind  cooperation  with  the 
author. 


Schumann  Resonance  Studies 

Observations  of  the  noise  in  the  range  3-40  Hz  reveals  the  presence  of  noise  peaks  at  approximately 
7.5,  14,  21,  26  and  32  Hz.  These  earth  resonances,  predicted  by  W.  0.  Schumann  in  1952,  have  been 
studied  extensively  since  that  time,  and  treatises  such  as  Polk  (1981)  and  Bliokh  et  al.  (1980)  summarize 
the  work  to  date.  The  Schumann-ELF  natural  background  is  a  closely  ordered  worldwide  phenomenon.  Its 
continuity,  limited  dynamic  range  and  predictable  diurnal  pattern  set  it  clearly  apart  from 
solar-dependent  geomagnetic  activity  (Shand,  1966).  The  levels  of  the  Schumann  resonances  are  quite  low 
and  unless  the  measurement  locations  are  far  from  sources  of  man-made  noise,  the  interference  (from  power 
lines,  railway  systems,  telephone  ringing  systems)  is  orders  of  n  ignitude  larger  than  the  Schumann 
oscillations  (Polk,  1980).  Shand  (1966)  compared  results  of  observations  at  widely  spaced  stations  from 
Canada  to  the  Antarctic  and  presents  some  of  the  data  showing  the  amplitude-time  characteristics  and 
power  spectrum  plots.  Dinger  and  Goldstein  (1980)  report  magnetometer  measurements  of  the  ambient  fields 
in  the  range  0.3-40  Hz  at  California  and  Norway,  in  which  Schumann  resonances  with  a  particularly  high 
ratio  of  signal-to-instrument  noise  were  obseived,  with  six  orders  of  the  resonances  typically  visible. 
Sao  et  al.  (1973)  investigated  Schumann  resonances  in  Japan,  comparing  levels  under  quiet  and  severely 
disturbed  states  of  the  ionosphere.  Other  examples  of  Schumann  resonance  spectra  are  found  in  the  report 
by  Jones  and  Kemp  (1970)  in  which  they  investigate  discrece  events  of  considerably  large  amplitude 
occurring  in  the  Schumann  resonance  range. 


Project  Sanguine  Noise  Studies 

Ihe  ELF  noise  surveys  conducted  under  Project  Sanguine  (now  called  Seafarer)  were  directed  toward  the 
determination  of  design  parameters  for  a  receiving  system  tor  FBM  submarines.  The  intent  of  the  program 
was  to  take  advantage  of  the  much  lower  attenuation  of  the  siqnal  in  sea  water  at  extremely  low 
frequencies,  so  that  submarines  could  run  submerged  at  greater  depths  and  still  reliably  receive 
command-control  signals  from  the  mainland.  An  entire  issue  of  the  IEEE  Transactions  on  Communications 
( Vo  1 .  COM-22,  no.  4,  April  1974)  has  been  devoted  to  papers  on  Project  Sanguine,  and  more  recently  Wait 
(1977/  has  presented  an  overview  of  the  Sanguine  program. 

The  noise  measurements  were  conducted  in  a  number  of  areas  in  which  a  submarine  was  likely  to 
operate.  Extensive  measurements  were  reported  by  Evans  and  Griffiths  (1974)  in  Malta,  Saipan,  Norway, 
Greenland,  Hawaii,  Florida,  Massacnusetts,  Idaho,  and  in  the  Nurth  Atlantic.  Wideband  recordings  (5-320 

Hz)  were  made  using  a  whip  antenna  and  two  orthogonal  horizontal  loop  antennas  at  each  site.  The  extent 

of  trie  noise  recording  program  is  indicated  in  reports  by  Griffiths  (  1972,  1975)  in  which  it  is  noted 
that  for  Malta  (winter  1986-1969)  there  are  200  tapes,  for  Norway  (winter,  spring,  summer  1969)  140 
tapes,  and  for  Saipan  (summer,  fall  1969)  160  tapes.  Later  on,  in  May  1972,  in  Saipan  and  Greece  there 

wore  noise  recordings  of  300  hours  and  200  hours,  respectively.  Larson  (1974)  reports  the  results  of  1? 

months  of  continuous  ELF  measurements  in  Tromsp  during  1969  and  1970, and  presents  some  3-400  Hz  data 
taken  at  Lavangsdalen. 

Narrowband  (1  Hz)  ELF  noise  data  was  recorded  at  Malta,  Guam  and  Tromsd  to  study  atmospheric  noise 
level  statistics.  Ginsberg  (1974)  reports  the  results  cf  measurements  using  a  "Portable  Atmospheric 
Noise  Data  Acquisition"  (PANUA)  system,  in  which  the  vertical  electric  field  and  two  orthogonal 
horizontal  magnetic  field  components  were  measured  at  four  discrete  frequencies  between  20  and  200  Hz,  in 
a  nominal  1  Hz  bandwidth.  The  noise  surveys  at  Malta  and  Guam  were  quite  extensive,  with  seven  seasons 
of  data  (October  1968  to  April  1970)  taken  at  Malta  and  four  seasons  of  data  (June  1969  to  April  1970) 
taken  at  Guam.  Tromsp  measurements  covered  the  winter-spring  season  from  January  to  May  1969. 

Davis  and  Meyers  11976)  made  wideband  (2-130  Hz)  ELF  noise  recordings  for  five  one-month  periods,  in 
ail  seasons,  during  1974  and  1975  at  a  receiving  site  near  Tr*  ,  Norway.  Similar  measurements  were 
made  near  Pisa,  Italy,  for  three  one-month  periods:  July-Aug1  1975,  October-November  1975,  and 
March-April  1976  (Goldstein  et  al.,  1977). 

Some  of  these  data  have  been  analyzed  broadband  (Griffiths,  1972,  1975;  Evans  and  Griffiths,  1974; 
Larsen,  1974),  but  most  of  the  emphasis  nas  been  on  analyzing  the  noise  in  terms  of  receiver  design.  The 
non-Caussian  nature  of  the  atmuspheric  noise  has  important  implications  for  design  considerations.  Since 
most  of  the  energy  in  atmospheric  noise  at  ELF  is  contained  in  discrete  lightning  impulses,  a  simple 
noise  clipping  circuit  in  the  receiver  can  remove  most  of  these  pulses  and  thus  reduce  ttie  noise  energy 
considerably  without  significantly  reducing  the  signal  energy  (Bernstein  et  al.,  1974).  In  the  Project 
Sanguine  analyses,  the  clipped  noise  was  denoted  by  Ne,  the  "effective  atmospheric  noise  density,"  and 
the  wideband  linearly  recorded  noise  by  N0,  the  "actual  atmospheric  noise  density."  In  cases  where  the 
rerorued  noise  has  been  clipped  (Ne),  th '  actual  noise  is  lost,  and  cannot  be  recovered  for  use  in  any 
further  analysis  of  atmospheric  noise  statistics.  This  appears  to  be  the  case  for  recordings  made  after 
1969  (R.  Ingram,  personal  communication). 
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ELF  NOISE  SURVEYS  -  A  REVIEW 

Emil  F.  Sodprberg 
Naval  Underwater  Systems  Center 
New  London,  Connecticut  06320 


SUMMARY 

Noise  measurement  surveys  have  been  made  in  various  geographical  areas  to  determine  the 
characteristics  of  ELF  noise  in  power  spectral  variation  with  season  and  time  of  day,  and  of  noise 
correlation  between  widely  separated  locations.  By  far,  the  majority  of  measurements  have  been  made  at 
ground  stations,  with  a  small  number  having  been  made  above  the  earth  and  in  space,  and  even  fewer  having 
been  made  in  the  sea.  The  various  surveys  are  reviewed  and  the  ELF  noise  characteristics  in  each  area 
are  discussed. 


INTRODUCTION 

A  variety  of  noise  sources  contributes  to  the  electromagnetic  radiation  found  in  the  extremely  low 
frequency  range  (3-3000  Hi).  Lighlniriy  discharges,  power  line  frequencies  and  power  line  harmonic 
radiation,  and  magnetospheric  plasma  wave  phenomena  all  produce  energy  whose  frequencies  fall  partially 
or  wholly  within  this  band,  and  thus  represent  present  or  potential  subjects  of  interest  to  the 
consideration  of  using  various  parts  of  the  ELF  band  fur  communication  purposes. 

There  have  been  quite  a  few  noise  surveys  made  in  the  ranqe  3-31)00  Hz  to  determine  the 
characteristics  and  intensity  of  the  electromagnetic  background  at  various  locations  about  the  earth, 
most  of  these  measurements  have  been  made  at  ground  stations  around  the  world,  a  small  number  have  been 
made  above  the  earth  and  in  space,  and  even  fewer  have  been  made  in  the  sea.  They  have  been  made  for  a 
variety  of  reasons:  for  the  purpose  of  studying  propagation  effects,  for  determining  communication 
background  noise,  for  examining  the  effects  of  magnetospheric  processes  upon  power  line  transmission 
systems,  and  conversely,  for  studying  the  effects  of  powerline  harmonics  upon  ionospheric  and 
magnetospheric  processes.  Even  though  each  of  them  has  been  done  for  a  specific  purpose,  and  the  data 
has  been  analyzed  within  the  framework  of  a  particular  objective,  they  all  contribute  to  a  body  of 
information  that  constitutes  what  we  may  call  an  ELF  noise  data  base. 

The  pi1  pose  of  this  report  is  to  briefly  review  the  various  noise  surveys  that  havr  been  made,  and  to 
note  seme  of  the  ELf  noise  measurment  resources  that  exist  (Tables  1,  2  and  3)  and  some  of  the  literature 
that  contain  data  on  noise  in  the  ELF  band.  In  the  following  sections  we  will  take  a  look  at  ELF  noise 
measurement  surveys  in  the  areas  of  terrestrial  noise,  plasma  wave  noise  and  ELF  noise  in  the  sea. 


TERRESTRIAL  NOISE 

Thi  dominant  source  of  natural  ELF  terrestrial  noise  is  worldwide  thunderstorm  activity.  The  nearly 
constant  occurrence  of  lightning  discharges  gives  rise  to  a  broad  spectrum  of  energy  which,  in  the  ELF 
band,  propagates  throughout  the  earth-ionosphere  cavity  with  relatively  low  attenuation.  Climatological 
data  (Handbook  of  Geophysics)  show  that  Southeast  Asia,  Central  Africa,  and  South  and  Central  America  are 
regions  of  maximum  activity,  with  an  overall  worldwide  average  of  almost  2000  lightning  centers  existing 
at  any  one  time  over  the  earth's  surface.  The  mean  number  of  lightning  discharges  is  on  the  order  of  30 
to  100  per  second.  In  the  frequency  range  of  interest  here,  two  types  uf  lightning  are  responsible  for 
the  observed  radiation:  cloud-to-cloud  discharges  in  the  tropics  that  produce  large  transient  signals 
below  40  llz  (Kemp,  1971),  and  c loud-to-ground  discharges  that  have  a  long  discharge-current  time  constant 
and  produce  "slow  tail"  atmospherics  with  energy  above  40  Hz  (Pierce,  1960). 

At  the  lower  end  of  the  ELF  band.  Hie  energy  from  vertical  (cloud-to-cloud  and  cloud-to-ground) 
lightning  strokes  excite  the  earth-ionosphere  cavity  and  give  rise  to  "esonance  peaks  in  the  noise 
spectrum,  called  the  Schumann  resonances  (covered  in  a  section  below).  Studies  of  the  characteristii s  of 
these  resonances  (relat  ive  mode  amplitudes,  mode-splitting,  resonance  0)  may  be  used  to  give  indications 
of  the  locations  of  thunderstorm  centers  and  information  about  the  propagation  path  between  the  receiver 
and  the  noise  sources. 

Observations  of  atmospheric  noise  in  and  above  the  Schumann  resonance  region  have  been  made  by  Watt 
and  Maxwell  (1957),  Maxwell  (1967),  Ogawa  et  al.  (1966),  Barr  (1970),  and  others.  Horner  (1970) 
discusses  the  use  cf  atmospherics  for  studying  the  ionosphere.  Barr  (1970)  has  investigated  the  region 
between  20  Hz  and  12  kHz,  and  particularly  the  attenuation  band  near  3  kHz.  Similarly,  Oinger  et  al. 
(1980)  report  measurements  in  the  range  1-4  kHz,  noting  a  diurnal  variation  that  suggested  the  existence 
of  a  large  propagation  anisotropy  in  the  nighttime  earth-ionosphere  waveguide  at  3  kHz.  Fraser-Smith  and 
Helliwell  (1980)  describe  the  variations  in  amplitude  and  rate  of  occurrence  of  ELF  sferics  in  Antarctica 
caused  by  a  solar  proton  event  (SPE),  and  note  that  man-made  lower-ELl  signals  propagating  over  paths 
passing  through  the  polar  regions  are  likely  to  be  somewhat  reduced  in  strength  during  the  first  24  hours 
of  a  moderately  large  SPE. 

Very  striking  displays  of  energy  are  seen  in  the  whistlers,  whicn  aHhuugh  mainly  VLF  phenomena, 
extend  down  into  the  ELF  range.  Throughout  the  ELF  band  are  also  seen  the  effects  of  man-made  noise  at 
the  power  line  frequencies  and  their  harmonics.  These  are  examined  in  the  sections  below. 
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Whistlers  are  mainly  VLF  phenomena,  hut  their  lower  frequencies  often  extend  into  the  ELf  band.  They 
are  observed  mainly  in  the  range  300  Hz  to  30  kHz,  and  are  produced  by  the  electromagnetic  impulses  of 
lightning  as  a  result  of  interaction  with  the  earth's  magnetic  field  lines.  The  energy  from  the 
lightning  impulse  e-'ters  the  ionosphere  where  it  is  guided  by  the  earth's  field  into  the  opposite 
hemisphere.  Dispersion  in  the  ionosphere  stretches  the  original  impulse  into  a  glidinq  tone,  which  is 
called  a  whistler.  Bui  lough  and  Sagredo  (1973)  describe  their  direction  finding  studies  of  whistlers,  to 
locate  where  each  whistler  emerges  from  the  ionosphere.  The  determination  of  whistler  location  provides 
information  on  the  spatial  distribution  of  thermal  plasma,  so  that  the  1<  cation  of  the  plasmapause  can  be 
monitored  (Rycroft,  1974).  The  rich  variety  of  whistler  structure  has  been  well  documented  and 
Illustrated,  and  references  such  as  Katsufrakis  (1964),  He  1 1 i we  1 1  (1965)  and  Heacock  (1974)  provide  many 
examples  of  whistlers  and  other  emissions  in  the  ELF/VLF  range. 


Power  Line  Harmonic  Radiation  (PLHR) 

Harmonics  of  the  fundamental  frequency  (50  or  60  Hz)  are  produred  on  power  lines  when  transient  loads 
are  applied  or  non-linear  rectifiers  are  used.  Ihe  resulting  power  line  harmonic  radiation  (PLHR),  which 
has  frequency  components  up  to  8  kHz,  has  been  observed  to  stimulate  strong  wave-particle  and  wave-wave 
interactions  in  the  magnetosphere.  The  PLHR  wave  may  he  amplified  in  its  passage  through  the  interaction 
region,  and  as  it  echoes  fron  hemisphere  to  hemisphere  inside  whistler  ducts,  new  emissions  may  be 
triggered,  adding  to  the  com|  lex  structure  of  the  received  signals  (Park  et  al.,  1980).  Many  striking 
examples  of  PLHR-iriduced  activity  are  shown  by  Park  (19/7),  with  most  of  the  energy  concentrated  in  the 
VLF  range  but  with  some  effects  e> tending  in  o  the  ELF  band.  A  study  by  Harr  (1979)  of  the  ELF  radiation 
from  the  New  Zealand  power  system  shows  no  power  line  harmonics  above  1500  Hz,  but  there  is  a  strong  300 
Hz  signal  radiated  from  the  d.c.  power  grid,  lie  suggests  that  it  might  be  profitable  to  search  for 
correlations  between  magnetosphoric  ELF  signals  recorded  on  satellites  and  the  location  of  the  world's 
d.L.  power  lines,  rather  than  to  concentrate  only  on  the  effect  of  a.c.  power  grids. 


ELK  NO  I  St  FROM  PLASMA  WAVE  PHENOMENA 


The  term  “plasma  waves"  refers  to  waves  that  are  generated  in  plasma  or  have  their  wave 
characteristics  significantly  modified  by  the  presence  of  plasma.  They  may  be  predominantly 
electromagnetic  (having  both  electric  and  magnetic  fields  produced  by  current  fluctuations)  or 
electrostatic  (having  only  an  electric  field  produced  by  charge  fluctuations).  Shawhan  (1979)  in  his 
review  of  magnetosphoric  plasma  wave  research  provides  a  listing  of  some  27  plasma  wave  phenomena,  along 
with  their  typical  locations,  observed  frequencies,  and  a  brief  statement  about  their  wave  properties. 

Uf  these  phenomena,  22  contain  energy  with  frequencies  that  fall  partially  or  wholly  within  the  ELF  band, 
and  some  of  these,  at  least,  may  be  significant  to  prospective  communication  applications  in  this 
region. 

In  the  area  of  the  magnetosheath  and  the  bow  shock  are  1 ound  electrostatic  turbulence  between  200  Hz 
and  4  kHz,  and  electromagnetic  turbulence  from  20  Hz  to  4  kHz.  Electromagnetic  wave  packets,  referred  to 
as  lions  roars,  occur  at  about  120  Hz  with  durations  of  about  2  seconds,  and  seem  to  be  related  to  the 
level  of  geomagnetic  activity.  Above  500  Hz  there  is  a  weak  broadband  radiation  apparently  associated 
with  eneryetic  electrons  in  the  outer  radiation  zone,  in  the  magnetotail  and  plasma  sheet  is  observed  a 
broadband  electrostatic  noise  in  the  range  of  10  Hz  to  several  kilz  which  is  both  intense  and  frequent  and 
seems  to  be  associated  with  streaming  keV  protons.  Broadband  electrostatic  emission  in  the  region  of  the 
polar  cusp  extends  up  to  100  kHz  but  peaks  in  the  10-50  llz  range.  Also  associated  with  the  cusp  is  a 
1-300  Hz  band  of  magnetic  noise. 

Auroral  hiss  occurs  in  the  kHz  range  and  can  be  observed  both  on  Lbe  ground  and  from  satellites. 
Intense  electrostatic  wave  turbulence  occurs  at  about  100  llz  with  amplitudes  up  to  50  mV/m.  At  higher 
altitudes  the  noise  peaks  in  the  10-50  llz  range  with  amplitudes  of  10  mV/m.  PI asmaspberic  hiss,  in  the 
range  100-1000  Hz,  is  found  throughout  the  plasmasphere,  particularly  during  periods  of  magnetic 
activity. 

Certain  of  these  plasma  wave  effects  are  observable  at  ground  stations.  Because  of  the  shielding 
effect  of  the  earth's  magnetic  field,  the  eneryetic  particles,  electrons  and  ions,  mainly  influence  the 
high  latitude  ionosphere,  and  as  a  result  the  observations  ot  plasma  wave  processes  have  been 
concentrated  in  the  higher  latitudes.  Investigations  such  as  reported  by  lloltet  and  Egeland  (1969)  show 
bands  of  emission  in  the  ELF  range  that  are  attributable  to  these  magnetospheric  processes.  Sato  et  al. 
(1980)  describe  observations  of  polar  chorus,  quasi-periodic  emissions,  and  auroral  hiss  at  high  latitude 
stations  in  Antarctica  and  Iceland.  Coordinated  measurements  between  ground  and  satellite  stations  are 
being  conducted  to  provide  comparative  data  for  the  study  of  these  phenomena  (I’erraut  et  al.,  1978;  Sato 
ct  al.,  1980). 

There  are  quite  a  few  satellites  that  have  the  capability  lor  measuring  the  effects  ot  plasma  wave 
phenomena  in  the  ELF  range.  Some  of  these  are  listed  in  Table  2.  Most  of  the  satellites  listed  can 
detect  both  electric  and  magnetic  fields  although  some  have  only  magnetic  sensors.  Ihe  references  in 
Table  2  contain  examples  of  the  various  types  of  FLF  plasma  wave  emissions.  Much  of  the  data  is  the  form 
of  frequency-time  spectrograms  which  provide  a  very  effective  means  for  qualitative  analysis  and  for 
comprehension  of  the  behavior  of  the  phenomena.  Data  such  as  these  provide  a  data  base  for  the  study  of 
backqround  noise  as  il  affects  potential  ELf  space  communications. 


ELF  NOISE  IN  THE  SEA 
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ELF  noise  in  the  sea  consist:,  almost  entirely  of  atmopheric  noise-related  enemy.  There  may  be  some 
relatively  local  contributions  from  industrial  noise  and  power  transmission  lines,  but  the  dominant 
contribution  appears  to  come  from  thunderstorm  activity.  Because  of  the  low  attenuation  of  waves 
propagating  in  the  earth-ionosphere  waveguide,  lightning  strokes  all  over  the  earth  contribute  to  the 
atmospheric  noise  at  any  point  over  the  ocean.  Nearby  thunderstorms  contribute  large  but  relatively 
infrequent  impulses,  while  the  numerous  remote  thunderstorms  provide  a  background  of  smaller  but  denser 
impulses.  The  atmospheric  noise,  then,  consists  of  impulsive  waves  with  random  arrival  angles  and  times. 

The  majority  of  the  arriving  waves,  those  from  rti.^.a  thunderstorms,  are  transverse  magnetic  (TM) 
waves,  i.e.,  having  a  vertical  electric  field  and  a  horizontal  magnetic  field.  In  the  earth-ionosphere 
cavity,  when  the  free-space  wavelength  is  large  compared  with  the  height  of  ionosphere,  as  is  the  case 
for  the  frequencies  considered  here,  only  the  TM  mode  can  propagate.  The  transverse  electric  (TE)  mode 
is  completely  attenuated  beyond  the  immediate  vicinity  of  the  source  (Wait,  1970;  Polk,  1981). 

If  we  assume  an  arriving  impulse  to  be  a  TM  mode  plane  wave,  its  vertical  electric  field  Ev  and 
horizontal  magnetic  field  H  are  related  by 


H  = 


(1) 


Since  tangential  H  is  continuous  across  the  air-sea  boundary, 
(1).  For  propagation  in  a  lossy  medium,  where  the  conduction 
displacement  current  (o  »  uc),  the  horizontal  electric  field 
the  horizontal  magnetic  field  II  just  below  the  surface  by  the 


II  just  below  the  surface  is  also  given  by 
current  is  much  greater  than  the 
E(.|  just  below  the  surface  is  related  to 
wave  impedance  of  sea  water,  so  that 


or 


(2) 

(3) 


The  horizontal  electric  field  in  the  sea,  E||,  is  polarized  in  the  direction  of  propagation  of  the  plane 
wave  above  the  sea. 


As  this  refracted  wave  (Eh,  II)  propagates  downward  into  the  sea,  it  is  attenuated  by  the  lossy 
medium.  The  horizontal  electric  field  E  at  depth  z  below  the  surface  is  given  by 


E  = 


Lh  e 


-z  It 


(4) 


where  6  =  yj  2/uuo, 

Measurements  of  FI.F  electric  fields  in  the  sea  have  been  made  by  a  number  of  investigators,  using 
surface  ships  and  plut.forms  as  well  as  deep  submersibles.  In  1966,  Selzer  and  others  (1966,  1968) 
reported  electric  and  magnetic  measurements  made  using  the  French  bathyscaphe  "Arrliimede"  In  deep  waters 
of  Greece,  Puerto  Rico,  Toulon,  and  the  Island  of  Madeira.  Similar  work  was  done  using  the  Cousteau 
"Diving  Saucer"  off  the  coast  of  Baja  California  (Scderberg,  1966,  1969),  and  later  using  the 
Westinghouse  Deepstar  4000  in  deep  waters  near  the  Bahamas  (Soderberg,  1976)  to  measure  the  horizontal 
electric  field  at  several  depths  between  the  ocean  surface  and  the  ocean  bottom. 

These  deep  water  measurements  showed  the  fields  to  be  attenuated  with  depth  as  expected  from  eq.  (4) 
above  (with  some  qualifications),  falling  to  indistinguishable  levels  at  some  intermediate  depth.  In  all 
cases,  however,  as  the  bottom  was  approached  there  was  an  increase  in  noise  level  that  suggested  a 
contribution  from  below.  It  was  speculated,  but  not  proved,  that  this  noise  may  have  been  atmospheric 
noise  conducted  from  shore  outward  along  the  ocean  bottom. 

Open  ocean  measurements  made  from  a  surface  ship  were  reported  by  Soderberg  and  Finkle  (1970).  Data 
taken  simultaneously  in  and  above  the  sea  showed  the  close  correlation  between  the  horizontal  electric 
field  in  the  water  and  the  vertical  field  in  the  air.  More  recent  surface  ship  measurements  of  in-water 
electric  fields  have  been  reported  by  Artaraonov  et  al.  (1979)  in  the  Black  Sea  and  by  Karnaushenko  (1980) 
in  the  Black  Sea,  the  Tyrrhenian  Sea  and  the  tropical  parts  of  the  North  Atlantic. 

Shallow  water  measurements  have  been  reported  by  Brock-Nannestad  (1965,  1966),  Strarup  (1966), 

Strarup  and  Tacconi  (1968),  and  Taccon'  (1974,  1981).  I  he  ELF  electric  ’olds  in  these  waters  are 
strongly  dependent  upon  the  bottom  conductivity  and  the  y  ometry  of  the  body  of  water,  and  are  studied  to 
investigate  the  complex  relationship  between  the  fields  in  the  air,  earth,  and  water  near  a  shoreline. 

Relatively  few  studies  have  been  made  in  the  area  of  ELF  noise  in  the  sea  (see  Table  3).  A 
significant  factor  has  been  the  prohibitive  cost  of  ship  support  for  at-sea  expeditions  of  this  type, 
especially  when  there  has  been  no  demonstrated  urgency  to  support  at,  application  such  as  communications. 
One  may  argue  that  the  prohlem  is  only  to  know  what  the  ELF  noise  level  is  over  the  ocean  by 
extrapolation  from  land  measurements,  and  from  there,  simply  use  a  graph  of  boundary  loss  and  depth 
attenuation  tc  find  the  noise  in  the  sea.  But  frum  an  earth  physics  standpoint,  one  would  be  quite 
interested  in,  for  example,  investigating  the  effects  of  discontinuities  in  sea  water  electrical 
conductivity  at  edges  uf  the  Gulf  Stream,  and  in  studying  the  distribution  of  noise  as  a  function  of 
distance  from  a  coastline.  Much  interesting  work  remains  to  be  done  in  this  ,rea. 
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The  study  of  ELF  noise  is  of  importance  iri  establishing  the  limiting  factors  affecting  communications 
in  this  frequency  range.  The  many  noise  surveys  done  throughout  the  past  several  decades  have  revealed 
the  variety  of  natural  noise  background  characteristics  to  be  dealt  with,  in  terms  of  geographic 
location,  time  and  season,  and  the  medium  in  which  the  receiver  is  located.  Developments  in  technology 
have  brought  about  new  concepts  in  measurement  techniques,  increased  instrument  sensitivities,  and  new 
capabilities  in  transporting  instrumentation  to  remote  places,  into  the  sea,  and  into  space.  The  present 
knowledge  of  ELF  noise  sources  represents  a  significant  body  of  information  upon  which  could  be  built  a 
more  extensive  data  base  for  predicting  the  expected  noise  levels  at  receiver  locations.  The  combined 
efforts  of  the  several  multi-station  ELF  noise  monitoring  facilities  now  operating  and  those  proposed  to 
be  established,  would  represent  an  important  step  in  providing  the  variational  data  needed  for  noise 
prediction. 
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SESSION  2 


PAPER:  10.  OVERVIEW  OF  ELF  PROPAGATION 
AUTHOR:  P.  Bannister 
COMMENTER:  E.  R.  Schmerling 

QUESTION:  You  showed  some  very  impressive  agreement  between  measured  attenuation  versus 
distance  and  your  theoretical  computations.  Do  you  have  any  idea  what  solar  cycle  variations 
might  be  expected?  These  would  be  of  two  kinds.  The  first  type  is  the  charge  in  the  ionosphere 
over  the  epoch  of  the  solar  cycle.  The  second  type  is  the  varying  effects  of  particle 
precipitation  which  seem  to  maximize  during  the  falling  part  of  the  sunspot  cycle.  Do  you  have 
any  feeling  for  this? 

RESPONSE:  The  measurements  taken  so  far  do  not  extend  over  a  sunspot  cycle.  We  have 
measurements  taken  in  1970  to  1972.  One  path  was  from  the  transmitter  to  Alaska.  We  also 
measured  in  Greenland,  Norway,  and  Greece.  There  was  some  directional  dependence  upon  these 
paths.  But  the  directional  dependence  of  the  attenuation  rate  was  very  small,  on  the  order  of 
0.2  to  0.3  dB  per  megameter. 


PAPER:  10.  OVERVIEW  OK  ELF  PROPAGATION 
AUTHOR:  P.  Bannister 
COMMENTER:  P.  Kossey 

QUESTION:  Could  you  comment  on  the  possible  interference  effects  arising  from  forward  and 
backpath  signals  at  ELF? 

RESPONSE;  The  author  showed  an  example  of  three  weeks  average  data  taken  in  the  Pacific  at  a 
distance  of  11.5  Megameters.  There  appeared  to  be  interference  around  sunset  over  Wisconsin, 
where  the  direct  path  is  a  daytime  path  and  the  excitation  factor  over  the  transmitter  is 
changing.  The  excitation  factor  was  lower  at  night.  The  path  corning  the  other  way  is  mostly 
night-time  propagation.  The  difference  between  the  two  paths  is  approximately  6  to  10  dB.  You 
can  get  some  interference  pattern  depending  on  the  relative  phasing.  We  have  some  other 
measurements  taken  in  a  different  area  where  it  looks  like  it  is  a  possibility  you  can  get 
substantial  Interference  from  an  around  the  world  path,  which  shows  you  that  the  attenuation 
rates  are  low  on  the  average. 

You  won't  see  the  interference  on  a  night-time  path  which  has  low  attenuation.  The  path  around 
the  other  way  has  higher  attenuation  since  it  is  in  daytime. 


PAPER;  10.  OVERVIEW  OF  ELF  PROPAGATION 
AUTHOR;  P.  Bannister 
COMMENTER;  T.  B.  Jones 

QUESTION:  Since  so  much  of  your  explanation  of  these  disturbances  hinges  on  the 
Spur adic-E -Layer  being  formed  at  night  particular  1 y,  do  you  have  observations  where  you  knew 
that  a  Sporadic  E  Layer  was  present?  For  example  from  the  lonosondes  in  the  US. 

RESPONSE:  No,  we  don't.  That  is  one  reason  why  we  want  to  take  some  Sporadic -F  measurements  at 
the  same  time  we  are  taking  nightirne  propagation  measurement*; 


PAPER:  10.  OVERVIEW  OF  ELF  PROPAGATION 
AUTHOR:  P.  Bannister 
C0WENTER:  J.  U.  Reagan 

QUESTION:  What  is  known  if  anything  about  how  much  of  the  ELI-  energy  leaks  up  into  the 
magnetosphere  through  the  0  Region? 

RESPONSE:  As  far  as  I  know,  there  is  not  much  known  about  this.  With  some  of  Booker's  recent 
calculations  you  can  yet  a  rough  idea  of  what  dues  leak  through.  From  what  l  remember  from  las 
last  paper  I  would  say  10  to  15  per'  cent. 


PAPER:  11  ELF  PROPAGATION  IN  DISTURBED  ENVIRONMENT 
AUIH0R:  E.  C.  Field 
COMMENiLR:  F.  J.  Kelly 

COMMENT:  A  very  nice  talk.  You  might  find  some  confirmation  in  the  calculations  by  Galejs, 
reference  some  of  his  work  back  in  1970.  He  made  a  similar  calculation  but  employing  a 
different  integral.  His  work  was  presented  at  one  of  our  VLF  Propagation  Meetings  before  he 
died  in  197*1.  Yon  might  want  to  look  at  his  work  to  help  confirm  some  of  your  cal  ulations, 
RESPONSE:  Thank  you,  I  will. 


PAPER:  li  ELF  PROPAGATION  IN  DISTURBED  ENVIRONMENTS 
AUTHOR:  E.  C.  Field 
CQMiENTER :  J.  S.  Bel  rose 

QUESTION:  At  VLF,  the  ice -caps  in  Greenland  and  Antarctic  are  very  important.  Especially  during 
disturbance  events  when  the  1  owe*'  boundary  of  the  ionosphere  moves  down  to  very  low  heights. 
Has  any  work  been  done  to  show  whether  it  has  an  ffect  at  ELF? 

RESPONSE:  I  have  not  done  specific  calculations  at  ELF  to  see  what  the  effect  of  the  ire  raps 
would  be,  but  the  frequency  is  so  low,  I  think  even  10  s  mhos  per  meter  wouldn't  affect 
propagation  very  much. 

Dr.  lmhof's  paper  addresses  this. 

PAPER:  11  FI  F  PROPAGATION  IN  DISTURBED  ENVIRONMENT 
AUTHOR:  E.  C .  Field 
COMMENTED:  1  .  Brork-Nannestad 


PAPER:  11  ELF  PROPAGATION  IN  DISTURBED  ENVIRONMENTS 
AUTHOR:  E.  C.  Field 
COWEMTER:  L.  Brock-Nannestad 

QUESTION:  What  happens  to  the  phase  during  strong  disturbances? 

RESPONSE:  The  phase  changes  by  several  tens  of  degrees.  Although  we  have  performed  a  large 
number  of  phase  calculations.  I  have  ....  in  the  interest  of  brevity...  restricted  the 
presentation  to  the  effects  of  disturbances  on  amplitude. 

PAPER:  12  ELF  PROPAGATION  IN  POLAR  AREAS ,  MEASUREMENTS  AND  THEORETICAL  FIELD  STRENGTH 

PREDICTIONS 

AUTHOR i  W.  L.  Imhof 

COMMENTER:  E.  R.  Schmerling 

COMMENT  :  I  am  puzzled  at  the  large  effects  due  to  Sporadic-E,  I  wonder  if  you  could  comment? 

In  cither  part-  of  your  paper  the  thrust  has  been  on  the  electron  concentration  in  the  40  to  10U 
km.  region  as  being  important.  Generally  speaking  sporadic -E  is  around  105  kilometers 
RESPONSE  :  It  is  clearly  some  kind  of  resonant  effect  that  none  of  us  has  understood  in  great 
detai I . 

(E.  C.  Field  Comment)  The  effect  would  be  most  important  at  fairly  high  latitudes  at  night  when 
ELF  signals  can  leak  out  of  the  wave  guide  and  strike  a  resonant  effect  a’most  like  a  quarter 
wave  plate  effect  with  a  Sporadic  C  region.  Under  daytime  condition  »  or  ...  lew  latitudes  where 
the  energy  does  not  got  up  that  high,  th^n  you  would  not  expect  very  much  of  an  effect. 

PAPER:  12  ELF  PROPAGATION  IN  POLAR  AREAS,  MEASUREMENTS  AND  THEORETICAL  FIELD  STRENGTH 

PREDICTIONS 

AUTHOR:  W.  L.  Imhof 

COMMENTER  :  F.  J.  Kelly 

COMMENT:  I  want  to  thank  the  author  for  a  very  fine  presentation.  Most  authors  today  have 
centered  attention  on  the  E  Layer  as  the  likely  cause  of  "anomalous"  propagation.  When  Galeis 
did  some  calculations  on  sporadic  E  effects,  in  the  ear  ly  70's,  he  found  that  a  i  esorunce 
between  the  E -Layer  and  the  F- -Layer  also  played  an  important  role  in  determining  the 
attenuation  of  ELF  waves  at  night.  Since  the  F -Region  has  its  own  variability  with  troughs  and 
depletions  sometimes  occurring,  we  have  an  extra  complication  that  enters  into  the  explanation 
of  any  observed  effects. 
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A  REVIEW  OF  THE  ANALYTICAL  TECI!;]  UUKL  FOR  lU'lTEKM  tilO! 
T1IK  PHAGE  All!  1  AMPLITUDE  QF  A  VLF  RADIO  WAVE  PRUPAC/  l'.I!i(i 
Ill  1*1  IF.  KARTll-IOlIOi'.PliKRK  V-AVl-XilHuK 

T.li.  Joncu  ami  K.  Mowforth 
Physios  Pc;  pari  merit 
University  of  Leicester 
r.cicetitoj*,  England 


SUMMARY 

The  terrestrial  propagation  of  VLF  radio  waves  can  conveniently  be  considered  in  terms  of  a  conducting 
spherical  earth  surrounded  by  a  concentric  electron-ion  plasma  into  which  waves  are  launched  from  a 
Hertzian  dipoLe  sourc'.  situated  on  the  earth's  surface.  The*  application  of  Maxwell  's  equations  and 
the  appropriate  boundary  conditions,  •»  1  I  owes  Lho  vertical  electric  field  strength  to  hi!  calculated  at  any  point 
remote  from  the  transmitter.  The  form  of  the  soLution  is  a  scries  summation  of  zonal  harmonics  which 
requires  a  large  digital  computer  for  its  evaluation.  This  direct  approach  forms  the  ^onal  harmonic 
nr  s  phonic  a,  i.  wuvi  *  a .  iu  ;  ysis  method . 

Before  tlie  advent  of  large  computers  an  approximation  was  developed  u  unable  the  series  summation  to 
be  undertaken.  Hus  consists  of  forming  a  complex  integral  for  the  Her In  vector  which  is  expressed  as 
a  sum  of  residues  which,  after  suitable  I ransformatiun ,  become  the  waveguide  modes.  The  propagation  is 
then  described  !n  terms  of  the  propagating  modes  in  the  spherical  waveguide  formed  by  the  earth  as  one 
wall  and  the  ionosphere  a3  the  other. 

A  somewhat  different  approach  is  employed  in  the  wave-hop  technique.  Hero  1  lie  propagation  path  is 
divided  into  three  principal,  regions  and  solutions  obtained  which  arc  not  unlike  those  of  gcoim  tiica.' 
optic.  .  _nis  method  achieves  High  speed  of  computation  am!  :is  applicable  to  frequencies  well  above  tin? 
upper  limit  of  the  VLF  band. 

The  variation  of  the  phase  a. id  amplitude  of  a  VLF  wave  as  u  function  of  distance  from  the  transmitter  has 
beer  calculated  by  meanc  of  each  of  the  throo  analysis  techniques  for  nevera  I  earth  ionosphere  nodoM;  and 
the  results  compared  with  aixch  other  at  various  radio  frequencies. 

'i .  INTHOfUCTION 

Tiow  and  very  Low  (IF,  /LF)  frequency  radio  waves  are  reflected  from  the  lowest  part  of  the  ionosphere  and 
extensive  studies  of  their  reflection  processes  have  been  carried  cut  since  the  earliest  days  of  radio. 

These  investigations  show  that,  apart  from  the  sunrise  and  sunset  periods,  the  propagation  is  charade c- 
i«\d  by  high  stability  both  in  phase  and  amplitude.  Furthermore,  little  attenuation  of  the  waves  takes 
place  at  rufecfon  and  as  a  result  they  can  propagate  to  very  great  distances  via  the  ionosphere. 

Hie  great  disadvantage  of  the  VLF  and  LF  bands  is  the  limited  bandwidth  available  and  the  high  cost  and 
1 ow  efficiency  of  the  transmitting  installations.  Because  of  these  factors  the  UF  bands  have  been  more 
extensively  developed.  In  recent  years  there  has  been  a  renewed  interest  in  the  low  frequency  bands 
primarily  diu.  to  their  use  in  navigational,  aids.  The  inherent  phase  stability  of  the  propagation  is  an 
essential  foati  '•  of  any  woi’l  d-wide  navigation  system.  The  large  skin  depth  in  the  earth's  surface  for 
these  waves  ha.,  !:.o  been  exploited  recently  for  sub-surface  communications,  geological  prospouting  and 
mine  rescue  application;;. 

In  order  to  determine  the  Likely  performance  of  a  VI.F/LF  radio  system  the  phase  and  amp  I  Undo  must  be 
determined  as  a  function  of  distance  from  the  transmitter  for  various  ionospheric  conditions  and  ground 
conductivities.  Fhroe  principal,  analytical  techniques  arc  currently  in  use.  The  object  of  this  paper 
is  to  iJcl  ;H  be  these  methods  and  to  compare  the  results  obtained  using  them. 

?,  CATENATION  OF  INFLECTION  COtFFICTFNT.'; 


At  low  and  especially  at  very  low  frequencies,  the  r.  idium  through  which  the  wave  propagates  can  vary 
uporeeiabl v  in  the  space  of  one  wavelength.  Thus  conventional  ray  optics  used  to  describe  the  propagation 
of  ILK  radio  waves  through  the  ionosphere  no  longer  applies.  Full  wave  solutions  are  required  in  which 
the  wave  fields  are  calculated  at  many  points  in  the  course  of  :o  wavelength.  A  number  of  full  wave 
iiioth^d'j  arc  currently  available. 

The  differential  nqiia1  i.ons  governing  the  propagation  ->r  radio  wav.  s  in  the  ioiu-sphore  -are  1  inenv  .md 

ii- \Tiogb no ous,  time  the  sum  of  any  solution  is  itself  a  solution.  Jn  1  he  ur  lal  methods  of  calculation  the 

different  in  I  equations  satisfying  some  field  romp- mef.*1  of  the  wave  are  firs’  formulated.  Del u Lions  are 

then  obtained  at  grcuL  height;.:,  we '  .  .-diovc  the  iw  f  I  or  l  i  •  in  lev,,ls,  an  1  •Lose-  rori'cwqjoirl  lo  pur-!  upgelug 

waves.  t'j/j.M.-.  lion  rf:r:i:-.il;n;  are  applied  In  obtain  so :  *D  i  ons  down  Mivugh  the  ionosphere.  Peiow  the 

ion  au  pi:  ore  those  ar  o  separated  nil  Lul  >  ■  ipi'oi  rig  an!  i* iv/ugoing  waves.  i  ■»»  1  he  ref  I  er’  t  i  on  eon  i'  f  i  ci.'>ut ; ; 

<'•..■ r .■  calculated,  whi'di  wiil  depend  on  tin  [juLai-L/vit i  jii  •!'  1  !.r  j-  -i'l'  !i!  wave.  1  '•  general,  The  incident 

-ii,.  I  re  f  :  i-cted  v/avi.-s  do  :iot  hav.-  1  hr  same  pel  ar  Lza  t  i.n>.  ■  t  -  ■ .  1  s  • .  *  •  ;  id":  <  -I  ii»»  proper!  i-*s  \'iusl  lx*  cornu ! etc  1  v 

spoeii  led  by  tb**  four  jiarn  meters  ||P||,  l|Lj,xi-x,  j.  i  *  tl  • 

*ica!  methods  for  f>i  I  I  wave  soi-i*.;  >  *  i  -a'  l  in*  wave  equal  ‘i’ive  been  ex  I  eusi.  vc !  y  discussed  in  l  no 

:  j  i  r*i*;i  1.  •:.-'.* .  '''r.eS'  ■  method:;  PilM-r  in  detail  but  lo  ii  I  n:j*  mi  •*  'he  pr<  »e  e*  hi  re  i  'i<*  I’i  Llcwav  '  i  ‘Ji  *  .'  i  ‘  tion  is 

.j:p  ir<  Mns  ua.:  bcei.  <•:<  I  •■a;:i  ve  I  y  used  by  rrriiiv  groups  oi  v/inkers. 


The  equal; ion  of  motion  of  a  single  electron  in  the  wave  field  may  be  written  aa 


P  r:  GqME 

where  the  susceptibility  tensor  M  is  given  by 


U 

-jl'y 

M  : 

:=  -X 

“JYZ 

u 

^Yx 

jYy 

"•iYx 

u 

The  conventional  notation  of  the  magneto-ionic  theory  is  used  throughout. 


(1) 


(P) 


Following  Pitteway  (196^)  the  coordinate  axes  are  defined  by  the  earth's  field,  and  are  chosen  so  that  Y 
vanishes,  Y  is  assumed  constant  at  all  heights.  x 


Tlie  four  wave  field  equations  can  be  v/ritten  in  matrix  form 
e '  -  jkTe 


(3) 


where  c  is  the  column  vector 


and  T  is  a  4  x  4  matrix. 
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T  - 

-JIB, 

JmB^ 

-In  i-  jB4 
1  -  m2  -  B.. 
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where 
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1  -  1?  .  I)  +  XYP/a 

3  y 
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ImB 

^  ? 
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3 

-inBp 

-jnB1 


B,  -  Xljyy/or 

BP  -=  XYyYz/Q-  ^ 

js  -  U(U?  -  Y'V"  ,  1  +  x(U2  -  t‘-)/a 

)  z 

li4  •  XY  (U  -  X)/« 

I),.  XII(U  -  \)/a  a  -  U(J,;  -  Y2)-X(t/  -  Y,!) 


The  incident  wave  normal  has  direction  cosines  I,  in,  n  and  the  functional  dependence  comes  through  the 
variation  of  X  and  IJ  with  height. 

The  four  Linear  differential  equations  (9)  are  integrated  numerically.  The  computer  forms  derivatives  of 
(3)  at  the  starling  values  (at  g’*oat  heights)  and  uses  these  to  cal  culate  Lite  wave  fields  at  a  ;  light  Ly 
l>wor  height.  I'ourth-degree  polynomials  arc  used  to  fit  the  solutions  of  the  differential  equations  by 
calculating  four  separate  sots  of  derivatives  at  each  height.  f:c  process  is  then  repealed  towards  the 
bottom  of  the  ionosphere  until  free  space  is  reached.  Here  the  solution  iG  separated  into  upgoing  and 
downgoing  components  and  the  reflection  and  conversion  coefficients  determined, 

dare  must  be  taken  during  the  numerical  integration  to  ensure  that  the  two  solutions  remain  independent. 
Huitablo  constraints  are  applied  l.o  the  solutions  at  each  Integration  stop  so  that  the  second  solution  is 
not  swamped  by  the  dominant  solution.  Full  details  of  these  techniques  arc  given  by  Pitteway  (1969). 

A  somewhat  different  approach  to  full -wave  calculations  has  been  proposed  by  Altman  ('1970)  ami  Altman  and 
dory  C'l'jGV).  Him-  U10  Pitteway  method  is  modified  to  give  'full -wave’  ordinary  arid  extraordinary 
transfer  coelTic Lents  for  slabs  of  the  ionosphere  of  various  thickness.  The  atio  of  the  transmitted 

■  ir  reflected  1  uorgy  flux  to  the  incident  value  is  then  calculated  for  each  slab.  This  ful.l-wave  slab 
'uproneh  prov  *d  time-consuming  since  each  slab  requires  a  separate  numerical  integration  and  little 

■  »if  or  mat  j. » ■ ;  1  can  be  stored  for  subsequent  calculations.  To  overcome  this  drawback  a  generalised  tliin- 

i  r  tn  optical  analysts  was  developed  by  Altman  and  dory  (  19s'/ ,  1 970) .  The  i  <  jimspliere  is  iiivided  into  a.  largi 
number  thin  layers  and  ?  x  P  transfer  matrices  calculated  at  each  layer  interface.  Multiple  reflection 
v/vlliin  each  ^ . emenlary  layer  generates  a  geometric  series  of  matrices  which  when  summed,  yield  overall 
x  P  transfer  coefficient  ma l.r  i  ■•e.*j  of  the  layer.  An  iterative  procedure  repeats  the  process  layer 
after  i ayor  so  that  the  thickness  of  the  resulting  slab  inure  taps  progressively  downwards  giving  the 
overall  reflection  and  transmission  coefficient  matrix  of  the  total  iorospher in  regior  in  terms  of  the 
■jharseleris L ic  magneto- i.on ir  modes . 

Various  jthov  types  of  nsiner  i  m !  ful  Lw-'i'/r-  analysis  have?  been  developed,  o.g.  TnoUo  anti  HuioWit/.  (1906) 
.*if]d  .Johler  and  liu'per  (l,X,)).  'I1u*y  all  enable  the  complex  ref  I  ec  Lion  and  conversion  coefficients  to  be 
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determined  lor  any  given  height  distribution  of  electron  density  and  collision  frequency.  Parameters  such 
US  tile  wave  frequency,  path  azimuth,  angle  of  incidenco,  and  geomagnetic  field  intensity  nre  easily  varied. 
Tins  the  reflection  parameters  of  Vli'  and  I.K  waves  ear.  he  calculated  for  conditions  representative  ol  any 
time  of  day,  season  and  geographical  location.  Ill  curly  this  technique  provider,  a  powerful  tool  m  the 
‘.Uiuiftn  and  upemUon  of  any  VT.V'/r.F  radio  wavo  system. 

5.  TKlild’Io'l'IiJM.  PROPAGATION 

In  the  theoretical  treatment  of  long  distance  terrestrial  propagation  of  VI.V/1.F  waves  it  is  customary  to 
divide  the  paths  of  the  waves  into  regions  inside  and  outside  the  ionosphere  and  to  treat  those  separate  y. 
Inns  the  ref leet ion  coefficient  matrix  li  of  the  form, 


II  Mil 

1K11 


II  hi 
fill 


('•) 


is  calculated  fr  a  roalictic  model,  ionosphere  (i.c.  one  which  is  uuiuolropic  anil  vertically  iiUiomoi;anooufi 
_ _ 4- I’,iii-«i,vn  i-oolitiinnoi;  derived  in  the  proviouo  section.  The  modal  can  be  analytical  or 


b;i 

the 


ininm  one  of  the  full-wave  techniques  derived  in  the  proviouo  section. 

used  on  experimentally  mcuuurod  electron  density  and  collision  frequency  profiles.  Propagation  below 
ho  ionosphere  to  great  distances  from  the  transmitter  is  then  usually  considered  in  terms  ot  the 
propagating  modes  in  the  spherical  waveguide  formed  by  the  earth  as  one  wall  and  the  ionosphere  as  the 
other . 

The  mathematical  treatment  of  the  propagation  in  such  u  waveguide,  where  the  ionosphere  is  roprosonted 
by  a  concentric  isotropic  electron-ion  plasma,  was  developed  many  years  ago  (Watson,  1919).  solutions 
a»-t?  exproauurt  iu  torniu  of  a  aurioo  of  zonal  harmonica,  which  wilL  he  derived  briefly  hero. 

Consider  u  spherical,  coordinate  system  for  a  model  terrestrial  sphere  of  radius  r  •  a  surrounded  by  a 
concentric  plaomu  extending  from  r  -  to  r  -  -  (Hg.  l).  Here  the  propa^fym  media  urn  onaructe r  xed  by  theu 
electric  constants,  expressed  in  terms  of  the  wave  number  k.  Hence,  neglecting  the  earth  c.  magnetic  •  , 

(9) 


For  a  ■ 
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u  field—  K  and  H  are  devi  veil  from  Maxwell's  equations , 
;  t*  c5  1!  0 

°  3t 


VxH  -  ^  K  "  J 

dt 

v/Ikm-u  .1  in  t lie  conduction  ur  convention  nurr 


I)  i r,  Uu‘  li;d.am:e 


(iwf. 
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cut.  The  fie  I. dr.  are  treated  an  contiuuoun  time  harmonic  wavao, 

iltl.)  (10) 

uuui'i’i'  nl*  frequency  f  w/i’M. 


ti  i  ’ 

[iroi 


i  x  component!}  of  I,  i -  field;:  ^'innie  ;■ 
uu  fru:.,  a  ;;inr;l . 1  u  ,  l.lu-  Herl:*.’ vea 


K  !■;  li  li  ,,  II(1)  may  be  calculated  by  a  d i  IToronUation 
Otor,  provided  th'S  ucalar  n  oat!  afieu  the  wave  equation, 

(11) 
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In  particular  the  field  component  is  given  as  (Hertz,  1889,  Debye,  1909), 


=  fexpCiwt  )f  -1  ~]  9  fsinS  9n®l  1 

[  LrbsinS  J  L  98  J  J 


b  =  a  +  (altitude  of  transmitter) 


where  rr  refers  to  vertical  electric  source  dipole,  provided  the  problem  can  be  reduced  to  one  of  two 
dimensions, 

9n  =  0  (13 

3$ 


The  model  for  the  source  or  transmitter  is  specified  by  the  primary  Hertz  vector  (Johler  &  Berry  1962), 


=  V  [■  V  J  exp- 


[e«it  -  ik^D] 


where  the  source  dipole  current  moment  11=  -  . 

o  c 

0 

The  solution  of  the  wave  equation  (11 )  given  the  condition  (13)  depends  upon  the  separation  of  the 
variables  8  and  r, 

n  =  f (r)  F(S)  (15) 

It  can  be  shown  (Stratton,  1941 )  that  the  solutions  may  be  written  as  a  series  of  zonal  harmonics  of  the 
form, 


f  B  t  (kr)  +  C^(kr)l  P  (cos  8) 
L  n  n  n  n  J  n 


where  0  and  Y  are  constants  and 
n  n 


,n(s)  = 

nz 

2 

J  1 
n-t-J 

(2) 

i2)(z)= 

nz 

«(2i 

(z) 

n 

2 

(2) 

Jn+^(z)  and  (z)  are  Bessel  and  Hankel  functions  of  order  (n  +  £)  and  argument  z  (Watson,  1958). 

Forming  a  solution  of  the  type  given  by  (16)  and  applying  boundary  conditions  to  determine  the  constants 
Pn  and  Yn  '"Johler  &  Berry,  1962;  Johler  &  Berry,  1964)  the  following  rigorous  solution  for  the  special 
case  of  a  =  b  =  r  may  be  obtained, 


II  *  c 
o  o 


o  V  n(n+l)(2n+l)P  (cos0)£^'(k.aH(k..a) 

Tn  L  n 

n=0 

ir  ir 


1  -  T^S)  .  -♦(kyO 
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1  -  R^  T^S^ 
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(s)  (s) 

where  and  are  reflection  coefficients  containing  focussing  or  convergence-divergence  factors, 

R(s)  _  -c  (k^)  R 


CU)(kna) 


T(s)  =  -C  }(klC)  (21) 

n  7^7  n 

R  and  T  are  non-spherical  reflection  coefficients  and  are  defined  in  terms  of  the  functions  (17)  and 
(^8)  by  n  Johler,  1964  . 

Equation  (19)  has  been  derived  for  an  isotropic  plasma  and  attention  is  now  turned  to  the  generalization 
of  this  solution  to  the  case  of  an  inhomogeneous  anisotropic  ionosphere.  The  presence  of  the  earth's 
magnetic  field  allows  transverse  electric  (TE)in  addition  to  transverse  magnetic  (TM)  propagation 
notwithstanding  the  pure  TM  source  dipole.  In  the  anisotropic  case  (Johler  8,  Harper,  1962;  Johler,  1962) 
the  reflection  coefficient  R  of  equation  (19)  is  replaced  by  R  and  R  ,  the  vertical  electric  and 
magnetic  reflection  coefficients.  The  coefficient  T  is  also  replacedoy  a  matrix  whose  elements  are 
T  ,  T  ,  T  and  T  .  These  terms  may  in  fact  be  identified  with  the  reflection  coefficients  11R11  ,  xRii  , 
11  f?f  anSej.Ri°of  equation  (4).  Equat  ion  (19)  then  becomes, 
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where 
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WAVEGUIDE  MODE  SOLUTIONS 


(23) 


(24) 

(25) 


(26) 


The  series  (22)  is  slowly  convergent,  each  mode  n  being  a  solution  of  Maxwell's  equations,  as  is  the  mode 
sum.  Watson  (1918,1919)  proposed  a  representation  of  zonal  harmonics  series  as  a  contour  integral 
essentially  to  aid  computation.  By  transforming  the  contour,  Watson  was  then  able  to  express  the 
integral  approximately  as  a  sum  of  residues  which  converges  rapidly.  By  carrying  out  such  a  transformation 
the  following  solution  may  be  obtained  (Wait,  1962), 

E  ~  K  ,A_  exp(-i  sin0  — )  (27) 

r  )  s  n  a 

s=1 


where  K  is  a  constant  depending  on  transmitter  power  and  other  parameters,  a  is  the  earth's  radius  and 
d  is  the  great  circle  distance  from  the  transmitter  to  the  receiver.  _A_s  is  known  as  the  excitation 
factor  of  mode  s  and  is  essentially  a  measure  of  the  magnitude  of  this  mode  at  launch.  0  is  the 
characteristic  angle  (complex)  of  the  s-th  mode. 

The  solution  (27)  is  the  basic  waveguide  mode  solution  and  has  been  found  especially  useful  at  VLF.  At 
these  frequencies  only  two  modes  are  usually  required  to  give  a  good  approximation  for  E  .  However  at 
LF  as  many  as  ten  modes  may  be  needed,  and  difficulties  are  encountered  because  the  modes  all  lie  close 
together.  It  then  becomes  difficult  to  keep  track  of  the  various  modes.  Degenerate  solutions  are  also 
possible  and  again  it  becomes  difficult  to  distinguish  between  two  modes  (Budden  8c  Eve,  1975)- 

Both  the  waveguide  mode  technique,  and  the  wavehop  method (described  below)  are  well  developed  for  the 
case  of  a  homogeneous  earth-ionosphere  duct.  Variations  in  ground  or  ionospheric  conductivities  complicate 
the  analysis  considerably.  Ground  discontinuities  involve  mode-conversions  at  the  discontinuity  and  as  a 
consequence  propagation  must  be  considered  in  two  dissimilar  waveguides.  The  ionosphere,  however,  changes 
much  less  abruptly,  and  is  more  difficult  to  handle.  For  realistic  modelling  of  the  upper  boundary  the 
problem  becomes  exceedingly  cumbersome  to  solve. 

SPERICAL  WAVE-GEOMETRIC  SERIES  SOLUTION 


A  rather  different  approach  to  the  solution  of  the  wave  equation  has  been  proposed  by  Johler,  1964  and 
1966.  This  utilizes  the  expansion  of  the  determinant  ratio  of  equation  (22)  in  terms  of  a  geometric  series, 
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This  leads  to  the  spherical  wave-geometric  series  solution, 


E  =  E 
r  r,o 


y  e  . 

<->  r,j 


J=1 


where  j  =  0  is  the  ground  wave  and  j  =  1,2,3».>  are  the  ionospheric  waves. 


(29) 


The  geometric  series  representation  permits  the  introduction  of  local  reflection  coefficients  as  depicted 
in  figure  2.  It  should  be  noted  here  that  these  series  representations  are  wave  solutions  and  not 
geometric-optical  rays.  In  the  ray  limit  (Johler,  1964)  the  geometric-optical  rays  are  an  approximate 
solution,  valid  only  at  short  distances.  A  study  of  the  angles  of  incidence  of  the  j  series  waves  of 
equation  (29)  leads  to  the  interesting  conclusion  that  local  reflection  regions  at  the  ionosphere  can  be 
considered.  Thus,  as  indicated  in  figure  2  the  wave  3  =  1  has  a  reflection  region  centered  about  the 
path  mid-point  and  denoted  (1,1).  A  reflection  coefficient  matrix  T(1,1)  is  then  ascribed  to  this  region. 

In  this  manner  an  inhomogeneous  earth-ionosphere  duct  may  be  modelled.  This  approach  to  low  frequency  radio 
wave  propagation  has  only  become  practical  since  the  advent  of  fast  digital  computers.  For  example  at  a 
radio  frequency  of  20  kHz  a  summation  over  ten  j-terms  may  be  required,  however  each  j-series  term  requires 
a  summation  of  approximately  28,000  terms  of  the  n-series  denoted  in  equations  (22)  and(28).  Such  a 
calculation  was  impossible  before  the  advent  of  digital  machines. 


WAVE-HOP  SOLUTION 

Berry  (1964)  and  Berry  and  Chrisman  (1965)  have  developed  another  computation  technique  which  follows  the 
spherical  wave-geometric  series  approach,  equation  (29).  Application  of  the  first  part  of  Watson's 
technique,  i.e.  expressing  the  series  as  a  contour  integral  results  in  an  equation  for  the  ionospheric 
waves,  gives 
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-h  ir J  zi^iI  i-l  (kia)  ^-]{kia)(i  +  Re)2  cj dv 

k^a  8n  0  cos  vrr  2  2 


where  R  =  R  (v  -  4) 

e  6 

c.  =  c.(v-i) 

F(v-J)  =  2v(v2-^)  P^C-cosB) 

and  PnTn  =  ^  h 

This  equation  forms  the  solution  known  as  the  Wave-Hop  approach  and  has  been  found  especially  applicable 
at  LF.  In  order  to  numerically  solve  the  equation  it  is  convenient  to  divide  the  propagation  path  into 
several  regions  and  apply  various  approximate  methods  as  follows,  (see  figure  3), 

(i)  Close  to  the  transmitter  -  geometrical  optics 

(ii)  Beyond  region  (i)  to  a  point  near  the  caustic  -  saddle  point  approximation 

(iii)  Near  the  caustic  -  numerical  integration 

(iv)  Beyond  the  caustic  -  residue  series. 

The  wave  hop  techniques  advantages  result  firstly  from  the  fact  that  the  series  for  E  is  highly  convergent 
from  VLF  right  through  LF  and  into  the  MF  radio  frequencies.  Secondly,  no  complicated  iterative  schemes 
are  required  to  solve  modal  conditions  which  apply  in  the  waveguide  mode  approach.  However,  in  common  with 
the  mode  theory  this  method  has  not  been  formulated  in  a  way  that  lends  itself  to  the  modelling  of 
discontinuities  within  the  earth-ionosphere  duct. 

If.  NUMERICAL  COMPARISONS  OF  THEORETICAL  TECHNIQUES 


A  series  of  computations  have  been  carried  out  assuming  a  vertical  electric  source  current  moment, 


on  the  surface  of  the  earth.  A  vertically  inhomogeneous,  anisotropic  concentric  plasma  has  been  modelled 
from  published  D-region  electron  density  and  collision-frequency  height  profiles.  In  all  calculations  the 
full-wave  method  of  Pitteway  (1965)  has  been  employed  to  obtain  ionospheric  reflection  coefficients  as  a 
function  of  angle  of  incidence. 

Results  of  the  three  analytical  techniques  described  in  the  previous  sections  are  compared  in  figures  4 
and  5  for  radio  frequencies  of  16  kHz  and  20  kHz  respectively.  The  electron  density  profile  is  that  due 
to  Deeks  (1966)  and  is  applicable  to  noon,  summer,  sunspot  minimum  conditions.  A  standard  mono-energetic 
CIRA  (1965)  collision  frequency  profile  has  been  adopted.  The  magnetic  field  parameters  are  those 
appropriate  to  northward  propagation  at  U.K.  latitudes,  while  the  ground  conductivity  is  assumed  to  be 
that  of  sea  water.  At  16  kHz  (figure  4)  all  three  analyses  indicate  a  large  minima  in  vertical  electric 
field  strength  at  a  range  of  approximately  400  km  from  the  transmitter.  This  minimum  is  the  result  of 
strong  destructive  interference  between  the  ground  wave  and  first  hop  (j  =  l)  propagation  modes  of  the 
Spherical  Wave  theory.  Beyond  this  distance  undulations  in  field  strength  as  a  function  of  distance 
result  from  further  interference  between  higher  order  terms  of  the  geometric  series.  Differences  in  the 
field  strengths  determined  by  the  three  techniques  are  less  than  3  dB  except  in  the  region  of  the  first 
deep  minimum.  Here  the  Wave  Hop  method  predicts  a  deeper  fade,  the  signal  level  being  approximately  4J  dB 
smaller  than  that  calculated  by  the  other  two  theories. 

The  situation  at  20  kHz  (figure  5)  differs  from  the  16  kHz  results  in  that  the  first  deep  minimum  is  less 
pronounced  and  an  almost  equally  deep  fade  is  apparent  at  a  distance  of  about  1600  km.  Amplitude 
differences  between  the  three  analytical  techniques  at  this  frequency  are  as  large  as  3  dB  at  some  ranges 
from  the  transmitter. 

A.  further  comparison  between  the  Spherical  Wave  and  Waveguide  Mode  formulations  is  presented  in  figure  6. 
Calculations  carried  out  by  Synder  and  Pappert(l969)  with  exponential  Wait  and  Spies  (1964)  type  profiles 
have  been  made  in  a  parametric  study  of  VLF  modes  below  various  anisotropic  ionospheres.  A  Waveguide 
Mode  result  by  Synder  and  Pappert(l969)  for  southwards  propagation  across  sen  at  a  geomagnetic  dip  angle 
of  60°  is  reproduced  in  figure  6  (broken  line).  The  radio  frequency  is  19.8  kHz  and  the  exponential 
D-region  electron  density  profile  is  parameterized  by  6  =  0.5  km  ,  h  =  90  km  (Wait  and  Spies,  1964). 

A  Spherical  Wave  calculation  for  the  same  ionospheric  model  and  path  parameters  has  been  carried  out  and 
the  results  are  indicated  by  the  solid  line  of  the  figure.  In  general,  the  agreement  is  good  over 
distances  as  great  as  1 8000km  (better  than  4  dB  except  in  the  region  of  the  first  minima).  However,  the 
depth  of  the  amplitude  fades  appears  to  be  greater  for  the  Waveguide  Mode  technique,  and  beyond  about 
6000  km  the  Spherical  Wave  method  predicts  higher  amplitude  levels. 

A  comparison  of  the  Spherical  Wave  and  Wave  Hop  formulations  at  several  frequencies  between  10  and  60  kHz 
is  presented  in  figures  7,  8  and  9.  The  ionospheric  profiles  adopted  are  the  same  as  those  of  figures 
4  and  5,  but  propagation  is  now  towards  the  east.  Figures  7  and  8  illustrate  the  nature  of  the  changes 
in  vertical  electric  field  strength  with  distance  at  10,  20,  30,  40,  50  and  60  kHz.  At  ranges  greater  than 
1000  km  the  decrease  in  field  strength  at  10  kHz  is  almost  exponential,  however,  at  30  and  60  kHz  deep 
fades  are  present.  As  the  radio  frequency  is  increased  differences  between  the  two  theoretical  approaches 
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become  more  apparent.  In  general,  amplitude  minima  occur  slightly  further  away  from  the  transmitter 
with  the  Wave  Hop  method  compared  with  those  of  the  Spherical  Wave  theory.  The  depth  of  minima  are  also 
different,  particularly  at  the  higher  frequencies  (e.g.  60  kHz).  It  should  be  noted  that  for  the 
frequencies  of  the  VLF  Omega  navigation  system  (10.2  -  13.6  kHz)  the  agreement  between  the  two  techniques 
is  excellent.  The  reason  for  the  discrepancies  at  higher  VLF  and  LF  frequencies  is  not  at  present 
understood. 


Illustrated  in  figure  9  are  the  variations  in  phase  of  the  total  electric  field  as  a  function  of  distance 
from  the  transmitter,  at  10,  20  and  30  kHz.  As  expected,  rapid  phase  variations  are  well  correlated  with 
the  amplitude  fades  indicated  in  figure  7. 

Figure  10  indicates  changes  in  vertical  electric  field  strength  for  two  different  ground  conductivities; 
sea  (a  =  3  mhos/m)  and  land  (c  =  .01  mhos/m).  The  results  obtained  by  the  three  analytical  techniques 
for  a  frequency  of  13.6  kHz  are  reproduced  in  the  figure.  The  results  are  in  good  agreement  for  both 
conductivities,  the  largest  discrepancies  occurring  in  the  region  of  the  first  deep  fade  at  about  400  km. 

5.  CONCLUSIONS 

The  three  commonly  used  techniques  for  calculating  the  variation  of  phase  and  amplitude  of  VLF  waves  as 
a  function  of  distance  from  the  transmitter  have  been  compared.  Various  ionospheric  models  and  wave 
frequencies  have  been  considered  and  propagation  over  both  land  and  sea-water  examined.  In  general, 
consistent  results  are  obtained  and  the  differences  are  considerably  smaller  than  those  errors  likely  to 
occur  from  uncertainties  in  the  validity  of  the  model  adopted  for  any  given  ionospheric  conditions.  For 
the  higher  VLF  and  LF  frequencies  the  Wave  Hop  method  is  to  be  preferred  since  it  requires  the  least 
computing  time.  However,  throughout  the  VLF  range  the  Spherical  Wave  technique  has  considerable  potential 
in  its  ability  to  model  waveguides  of  varying  height. 
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Fij'.h  Comparisons  of  the  spherical  wave  and  wave  hop  techniques  at  40,  50  ami  60  kHz 
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VLF  PROPAGATION  IN  DISTURBED  ENVIRONMENTS 
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summary 


This  paper  addresses  long-range  VLF/LF  propagation  of  TM  and  TE  signals  at  frequencies  from  10  to  50  kHz. 
Model  ionospheres  corresponding  to  solar  proton  events  or  spread-debris  nuclear  environments  are  used  in 
full-wave  calculations.  Such  disturbances  constrict  the  earth-ionosphere  waveguide,  increasing  excitation 
factors  and  attenuation  rates.  The  rignals  are  therefore  usually  degraded  beyond  a  few  megameters ,  although 
either  enhancement  or  degradation  can  occur  at  shorter  distances.  Ohmic  heating  of  heavy  ions  in  the  lower 
ionosphere  is  the  main  loss  mechanism  for  intense  disturbances. 

Only  TM  modes  are  efficiently  radiated  by  ground-based  transmitters.  However,  TE  signals  can  be  important 
for  air-to-air  links  with  terminal  elevations  of  20  kft  or  more,  and  nearly  horizontal  trail ing-wire  an¬ 
tennas.  Air-to-air  TF.  signals  propagate  better  than  TM  modes  over  pourly  ''v:HunMng  ground  such  as  uxlsLs 
throughout  Greenland  and  much  of  Canada,  and  can  ill  nulls  in  the  TM  signal.  For  paths  over  highly  con¬ 
ducting  ground,  TM  modes  suffer  less  degradation  than  TE  signals  during  intense  disturbances;  but,  for 
ground  conductivities  less  than  about  10~^  mhos/in,  TM  signals  are  more  adversely  affected  than  TE  signals. 

1.  INTRODUCTION 


Natural  and  man-made  ionospheric  disturbances  can  significantly  affect  the  long-range  propagation  of  low- 
frequency  (LF) ,  very-low-frequency  (VLF),  and  extremely-loc—f requency  (ELF)  signals.  This  paper  is  con¬ 
cerned  with  VLF  and  LF  propagation  at  frequencies  flora  10  to  50  kHz;  a  companion  pap ■  *'  [Field,  1981]  con¬ 
siders  ELF  propagation.  Both  papers  focus  on  disturbances  that  are  geographically  w  uapread  and  depress 
the  upper  boundary  of  the  earth-ionosphere  waveguide — for  example,  nuclear  environments  and  strong  solar 
particle  events  (SPE) .  The  companion  paper  presents  detailed  models  of  normal  and  disturbed  ionospheres 
that  are  not  repeated  here. 

Unlike  at  EL?,  where  only  the  transverse  electromagnetic  (TEM)  mode  can  propagate,  several  transverse  mag¬ 
netic  (TM)  and  transverse  electric  (TE)  modes  are  above  cutoff  at  VLF/LF.  Under  most  conditions,  only  TM 
modes  are  of  practical  interest,  because  TE  modes  are  difficult  to  excite  from  ground-bused  transmitters. 
Therefore,  TM-mode  attenuation  !»•  imbient  and  disturbed  environments  lias  been  thoroughly  studied  and  docu¬ 
mented.  However,  antennas  at  altitudes  of  several  kilometers  can  radiate  or  receive  TE  modes  reasonably 
well.  Moreover,  since  trai ling-wire  antennas  on  high-speed  aircraft  are  nearly  horizontal,  they  are  more 
efficiently  coupled  to  horizontally  polarized  than  to  vertically  polarized  signals.  Thus,  TE  modes  cannot 
hs  neglected  for  airborne  antennas,  particularly  on  northerly  paths  where  low  ground  conductivity  can 
severely  attenuate  TM  modes. 

This  paper  compares  TE  and  TM  signals  for  a  wide  range  <>r  disturbance  intensities  and  ground  conductivities. 
We  give  numerical  results  for  excitation  factors,  height  gain  functions,  and  attenuation  rates  for  the 
first  few  TM  and  TE  modes,  and  detailed  plots  of  multimode  field  strength  as  n  function  of  distance  for 
antenna  altitudes  of  0  and  40  kit. 


2 .  PROP A0 AT ION  EQUAT IONS 

The  detailed  equations  governing  VLF  propagation  have  appealed  elsewhere  (e.g.,  Galejs  [l'172]f  Wait  11970], 
Field  el  al .  [19761),  so  need  not  be  repeated  here.  We  solve  them  numerically,  accounting  for  the  verti¬ 
cal  inhomogeneity  of  the  ionosphere  and  curvature  of  the  earth.  To  define  the  notation  and  illustrate  the 
key  dependences,  we  recapitulate  the  equations  that  govern  the  electric  fie'l  when  geomagnetic  anisotropy 
can  be  neglected.  That  approximation  is  very  accurate  when  the  upper  boundary  of  the  ear th- ionosphere 
waveguide  is  depressed  far  below  its  normal  level;  and  it  is  fairly  accurate  for  long-range  propagation 
under  normal  daytime  conditions, 


2.1.  Transverse  Magnetic  Modes 


Typically,  Vt.F/l.F  frausmt  ftprs  are  vertically  orient  e«l.  and  their  fields  art*  composed  of  a  supprposl  I  i  on 
of  TM  waveguide  modes.  The  vertical  electric  field  is  given  by 


-ni/4  II.  cos 

e 

Ad 


'P  Vsl^dVaX)  sl/2  \  °xp  (-  «?/)  (  r  * d) 


WW 


V/m 


(1) 


where  the  subscript  f.  denotes  quantities  associated  with  the  i/h  TM  mode,  II.  is  the  effective  electric 
dipole  mome.  t  of  the  transmitting  antenna;  X  is  the  free- space  wavelength;  d  Is  the  distance  from  the 
transmitter  ;  a  is  the  earth's  radius;  and  c  is  the  speed  of  light.  We  have  included  a  factor  cos  \J)-- 
where  ^  is  the  angle  between  the  dipole  orientation  and  the  vertical-  to  account  foi  Inclined  transmi L- 
tlrg  antennas.  Of  course,  cos  tji  11  1  1  oi  a  vertical  electric  dipole.  Although  most  quantities  are  in  MKS 
units,  we  express  all  distances  (!,,  X,  d,  a)  in  megameters. 

The  quantity  Sp  is  essentially  the  eigenvalue  of  the  If  h  TM  mode  and  must  be  computed  numerically.  At 
VI, F,  however,  S  has  a  magnitude  close  to  unity,  so  the  term  In  Kq .  (1)  does  not  appreciably  Influ¬ 

ence  the  field.  The  magnitude  of  the  vertical  electric  field  depends  on  the  state  of  the  ionosphere 
through  three  parameters:  Aj^,  the  excitation  factor  for  the  TM  mode;  ftfc,  the  attenuation  rate  in  decibels 
pi  r  meg  ame  t cr  of  propagation  (dB/Mm)  ;  and  (ig,.  the  height  gain  Function  for  transmitter  and  receive! 
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heights  hf  and  Iir,  respectively.  The  phase  of  the  ith  mode  is  governed  by  Che  relative  phase  velocity, 
Vjj/c.  These  propagation  parameters  must  all  be  computed  numerically  for  model  ionospheres  having  arbi¬ 
trary  height  profiles. 

2.2.  Transverse  Electric  Modes 

Airborne  VI.F/LF  transmitters  use  Lrailiiig-wire  antennas  whose  primary  orientation  is  often  horizontal. 
Such  antennas  radiate  a  complicated  superposition  of  TM  and  TE  modes.  Here  we  avoid  much  of  that  com¬ 
plexity  by  considering  broadside  propagation,  where  the  great-circle  path  connecting  transmitter  and 
receiver  is  perpendicular  to  Lhe  plane  containing  the  inclined  electric-dipole  transmitting  antenna. 

The  vertical  electric  field  produced  by  the  vertical  component  of  the  inclined  transmitting  antenna  is 
given  by  Eq .  (1).  The  broadside  horizontal  electric  field  produced  by  the  horizontal  component  is  given 
by 


E^j  “  -120ffi  e 


(-KM- 


(h  )G  (h  )  V/m 
n  1  m  K 


The  symbols  are  lhe  same  as  in  Eq.  (1),  except  that  m  denotes  the  m th  TE  mode, 

3 .  MODE  STRUCTURE 

Equations  (1)  and  (2)  show  that  each  mode's  contribution  to  the  total  field  is  proportional  to  the  product 
of  four  quantities:  the  excitation  factor  A,  the  transmitter  lieight“gain  function  G(hy>,  the  receiver 
height-gain  function  G(Iir) ,  and  the  propagation  factor  exp  (-£d/8.7).  This  section  gives  calculated  values 
of  the  four  quantities  for  the  normal  daytime  model  Ionosphere*  presented  in  the  companion  paper  fFLeld, 
1981]  and  a  ground  conductivity  0g  of  10“3  mhos/m.  Section  4  presents  results  showing  the  effects  of  Iono¬ 
spheric  disturbances  and  various  ground  conductivities  on  mode  parameters  and  the  total  field. 

3.1  ,  Excitation  Factors 

The  excitation  factor  A  accouns  for  the  efficiency  with  which  a  mode  is  launched  by  a  ground-based  trans¬ 
mitter.  Usually,  A  is  normalized  to  unity  for  TM-modc  excitation  by  a  vertical  dipole  in  an  idealized  wave¬ 
guide  sharply  bounded  by  perfect  conductors.  Such  normalization  Is  accomplished  by  factoring  out  the 
"height”  of  the  ionosphere,  which  is  well  defined  in  the  idealized  situation  [Galeju,  1972].  However,  our 
diffuse  ioliosphcric  models  have  no  well-defined  boundary.  Consequently,  the  excitation  factors  computed 
her >  have  units  of  inverse  distance,  and  are  smaller  than  those  of  other  authors  [Wait  and  Spies,  19C.4; 
Gulejs,  1972]  by  a  factor  roughly  corresponding  to  the  average  height  of  the  ionospheric  region  causing 
the  strongest  reflections.  That  is,  our  axcit.iLiun  factors  are  defined  to  include  the  dependence  on  the 
effective  width  ol  the  waveguide. 

Figure  1  shows  the  frequency  dependence  of  the  calculated  excitaLion  factor  magnitudes  and  An)  for  the 
first  three  TM  modes  (51  -  1,  2,  3)  and  first  two  TE  modes  (m  =  1,  2)  lor  normal  daytime  conditions  and 
a  10-3  ntlios/m.  a  ground  dielectric  constant  of  10  is  assumed  throughout.  At  the  lower  frequent* e:  , 
multiplying  by  nominal  daytime  reflection  heights  of  6  x  10^*  to  7  *  10,,<  m  rives  a  result  near  unity. 

The  first  three  TM  modes  are  excited  about  equally  at  L lie  lower  VI. F  frequencies,  hut  ,  above  about  30  kHz, 
the  higher  order  TM  inodes  arc  much  more  effectively  excited  than  the  first.  On  the  other  hand,  the  TE 
modes  arc  excited  much  Jess  eH actively  than  the  TM  modes.  Indeed,  A^  exceeds  An,  by  four  or  rive  orders 
of  magnitude.  Such  behavior  prevents  ground-based  transmitters  from  radiating  TE  signals  efficiently  at 
low  frequencies.  Again,  the  second  inode  Is  more  effectively  excited  than  the  lirst. 

3.2.  Height  Gain  Functions 

The  hcigliL  gain  functions  ol  a  waveguide  mode  account  for  the  transmitter  and  receiver  elevation.  A  mode's 
contribution  to  the  total  field  Is  proportional  to  the  product  of  the  excitation  factor,  the  transmitter 
height-gain  function,  end  the  receiver  height-gain  fund  Ion.  The  latter  two  functions  are  identical  and, 
therefore,  equal,  when  both  terminals  are  at  the  same  altitude.  In  l hat  case,  a  mode's  i  dative  importance 
at  a  given  alLitude  Is  proportional  to  the  product  of  the  excitation  factor  and  the  square  ol  lhe  height 
gain  I une lion. 

Figure  2  shows  Lhe  altitude  dependence  of  the  height  gain  fun-  tions  nnu  G,,,  lor  the  first  three  I'M  modes 
(.  |,  2 ,  3)  and  firs',  two  TE  modes  (m  =  1,  2)  for  normal  daytime  conditions,  Oj,  =  10  3  mhos/in,  and  a 

I requeucy  of  20  kHz,  These  functions  exhibit  the  classic  height  dependences  tor  antennas  over  a  highly 
conductive  grounl.  That  is,  the  TM-raode  functions  approximate  unity  over  most  til  the  waveguide,  except 
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At  higher  frequencies,  the  height  profiles  of  <_,£  m  resemble  those  shown  in  Fig.  2  for  20  kHz.  The  main 
difference  is  that  the  height  gain  function  of  tAe  first  TM  mode  develops  a  broad  maximum  in  the  40  to 
60  km  altitude  range  as  the  frequency  increases  above  30  kHz.  Such  "whispering  gallery"  behavior  is  not 
important  for  the  ground-based  and  airborne  terminals  considered  here,  but  could  be  significant  for  very 
high,  balloon-borne  terminals.  We  also  note  that — at  altitudes  above  a  few  kilometers — the  TE-mode  func¬ 
tions  arc  nearly  proportional  to  <7^/2 

3.3.  Attenuation  Rates 

Figure  3  plots  attenuation  rate  as  a  function  of  frequency  for  the  first  three  TM  modes  (&  ■  1,  2,  3)  and 
the  first  two  TE  modes  (m  *=  1,  2)  for  normal  daytime  conditions  and  -  10”3  mhos/m.  The  higher  order 
modes  are  more  heavily  attenuated  than  the  lower,  which  often  allows  them  to  be  neglected  at  VLF  for  long 
pathlengths.  At  the  higher  frequencies,  the  attenuation  of  the  higher  order  modes  can  be  mitigated  by 
efficient  excitation.  It  is  therefore  necessary  to  retain  many  terms  in  the  mode  sum,  as  in  Eqs,  (1)  and 
(2),  throughout  the  LF  hand  under  normal  conditions.  In  that  case,  geometric  optics  is  often  a  more  con¬ 
venient  approach  to  propagation  analysis  than  is  mode  theory.  In  intense  •)  Isturbances ,  however,  higher 
order  modes  are  much  mere  severely  attenuated  than  lower,  and  the  mode  sum  can  be  used  well  into  the  LF 
regime.  Figure  3  shows  that  the  first  TE  mode  is  slightly  less  attenuated  than  tlie  first.  TM  mode,  al¬ 
though  that  result  depends  on  the  specific  normal  daytime  conditions  and  ground  conductivity  assumed.  Re¬ 
sults  for  the  dependence  on  ground  conductivity  are  detailed  below. 

4 .  EFFECTS  OF  IONOSPHERIC  DISTURBANCES 

This  section  gives  numerical  result  :  showing  the  effects  of  ionospheric  disturbances  and  various  ground 
conductivities  on  VLF/LF  mode  parameters  and  field  strengths.  The  nominal  ionospheric  models  used  in  our 
calculations  are  presented  in  the  companion  paper  [Field,  1981].  We  selected  them  as  a  convenient  means 
of  parameterizing  the  dependence  of  tlie  fields  on  the  intensity  of  a  disturbance.  Ionospheric  disturbances 
having  different  characteristics  from  those  considered  here  are,  of  course,  possible.  Therefore,  specific 
events  must  be  modeled  individually. 

4.1.  Attenuation  Rates 

Figure  4  shows  the  attenuation  rate  of  the  first  TM  mode  as  a  function  of  the  severity  of  the  disturbance 
for  several  VLF/LF  frequencies  and  a  perfectly  conducting  ground.  Figure  5  shows  analogous  results  for 
the  first  TE  mode.  For  all  cases  shown,  the  TE  mode  is  more  heavily  attenuated  than  the  TM  inode.  However, 
the  TM  mode  can  be  the  more  heavily  attenuated  for  poorly  conducting  ground.  In  the  VLF  band,  the  TE-mode 
attenuation  becomes  prohibitive  for  intense  disturbances. 

It  is  instructive  to  inquire  why,  for  example,  the  TE  mode  at  20  kHz  is  attenuated  by  about  30  dB/Mm  dur¬ 
ing  an  intense  disturbance,  whereas  tlie  TM  mode  is  attenuated  by  less  Ilian  10  dB/Mm — despite  similar  TE 
and  TM  ionospheric  reflection  coefficients  at  oblique  Incidence.  A  simple  physical  explanation  can  be  ob¬ 
tained  by  interpreting  the  modes  as  plane  waves,  with  the  real  part  of  S  [Eqs.  (1)  and  (2)]  being  the  sine 
of  the  incidence  angle.  To  satisfy  the  boundary  conditions,  the  TE  mode  must  be  more  steeply  incident  on 

the  ionosphere  than  the  TM  mode.  Fur  an  intense  disturbance  and  20  1  llz ,  for  example,  our  calculations  give 

incidence  angles  (i.e.,  eigenangles)  of  about  82  and  78  deg  for  the  J irst  TM  and  TE  modes,  respectively. 

The  steeper  incidence  angle  makes  the  TE  ionospheric  reflection  coefficient  u  few  decibels  smaller  than  the 
TM  coefficient .  It  also  makes  the  skip  distance  of  the  TE-mode  plane  wave  significantly  shorter  than  that 
of  the  TM  mode.  Thus,  the  TE  mode  suffers  more  ionospheric  reflections  per  megameter  than  the  TE  mode  and, 
therefore,  greater  attenuation. 

Figure  6  shows  the  ground  conductivity  dependence  of  the  attenuation  rates  of  the  first  TM  and  TE  modes  at 
20  kHz.  Results  are  given  for  normal  daytime  conditions  and  a  moderate  disturbance,  which  ccuUl  be  an  SPE. 
The  disturbance  increases  the  attenuation  rate  of  both  polarizations  over  normal  values.  The  TE  attenuation 
rate  is  virtually  independent  of  ground  conductivity,  whereas  the  TM  rate  exhibits  a  strong,  broad  maximum 
for  conductivities  between  10”^  and  10“^  mhos/m,  where  the  TM  eigcnangle  is  near  the  Brewater's  angle  of 

the  ground.  The  TM  mode  propagates  somewhat  better  than  the  TE  mode  for  the  most  common  ground  conductivi¬ 

ties,  but  propagates  much  worse  over  low-conductivity  ground,  such  as  occurs  throughout  Greenland  and  much 
of  Canada.  The  extreme  sensitivity  of  the  TM  mode  to  ground  condu*  r  Ivity — combined  witli  uncertainty  about 
the  values  of  that  parameter — results  in  great,  uncertainty  In  calc  ations  of  transpolar  signals  from  verti¬ 
cal  VLF  transmitters,  particularly  during  ionospheric  disturbances. 

Although  Fig,  6  pertains  to  a  frequency  of  20  kHz,  curve:;  for  other  Frequencies  exhibit  the  same  general 
behavior .  The  main  difference  is  that  the  Brewster ' a-angle  peak  in  the  TM  attenuation  rate  occurs  at  higher 
values  of  Og  fur  higher  frequencies,  and  vice  versa. 

The  companion  paper  (Field,  1981]  shows  that  ions  arc  the  primary  influence  on  propagation  if  important  re¬ 
flections  occur  below  the  altitude  where  the  positive  ion  density  exceeds  the  elect  run  density  by  a  factor 
of  about  1500.  Here  wc  quantify  the  effect  of  ions  by  calculating  the  fraction  F-j  of  the  total  Ohmic  heat¬ 
ing  in  the  ionosphere  attributable  to  ions.  For  simplicity,  we  use  a  perfectly  conducting  ground.  Thus, 
the  attenuation  in  the  waveguide  is  entirely  due  to  ionospheric  ;)<  ule  heating,  and  1  -i  is  the  fractional 
contribution  of  the  electrons.  Also,  to  indicate  the  extent  of  uncertainties  due  t«>  poorly  known  param¬ 
eters,  we  calculate  F |  using  v^/ve  *  1/10  and  1/40,  which  defines  the  range  of  uncertainty  in  the  ratio  of 
ion-  to  electron" col 1 ision  frequencies, 

Figure  7  shows  for  the  fi^st  TO  and  TF.  modes  at  20  kHz,  with  Vj/VL,  “  1/10  and  1/40.  For  Vj/Vt,  1/40, 
ionic  heating  Is  the  dominant,  loss  mechanism  for  moderate  and  intense  disturbance?*.  For  vj/vt,  “  i/10,  the 
effects  of  ions  arc  considerably  reduced,  hut  still  dominant  for  I r * < use  d 1 st urbanecs ,  Relative  ionic 
losses  are  somewhat  greater  lor  the  TE  mode  than  for  the  I'M. 

4.2.  Exc ItaLlou  Factors  and  Height  Gain  Functions 

Figure  8  1h  analogous  to  Fig.  6,  but  plots  the  TM  exciLatlou  lacior  laLhci  t  h.-m  the  nLlcnuutiou  rate.  bike 
exhibits  a  strong  Brewster  V-nngle  maximum  at  lov:  conduct  i'J  1 1  1  u.*; .  7  I  ;e,  the  disturbance,  whi  ,:h 
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constricts  Lhe  waveguide,  increases  the  value  oJ  ‘he  excitation  factor,  since  Ajj  is  roughly  proportional 
to  the  inverse  of  the  waveguide  width.  The  height  gain  function  of  the  first  TM  mode  is  nearly  unity  at 
altitudes  below  about  20  km,  regardless  of  the  strength  of  a  disturbance.  It  is  therefore  not  shown. 

The  dependence  of  the  TE  mode  on  conductivity  is  much  simpler  than  that  of  the  TM  mode,  so  is  also  not 
shown.  Briefly,  the  excitation  factor  is  proportional  to  l/a„  and — -above  a  Few  kilometers — the  height 
gain  function  is  proportional  to  Og'  .  Thus,  the  product  Am  Giniu  that  appears  in  Eq.  (2)  is 

nearly  independent  of  ground  conductivity,  as  is  the  TE-mode  attenuation  rate  (Fig.  6).  Unlike  TM  sig¬ 
nals,  therefore ,  TE  signals  between  airborne  terminals  are  nearly  independent  of  ground  conductivity. 

Like  the  TM  excitation  factor,  the  TE  excitation  factor  is  roughly  inversely  proportional  to  the  waveguide 
width  and  increases  during  a  disturbance  that  depresses  the  >wer  ionosphere.  Thus,  fur  both  TM  and  TE 
signals,  enhanced  excitation  competes  with  increased  attenuation  during  a  widespread  disturbance. 

A. 3.  Field  Strength  versus  Distance 

Figure  9  plots  the  electric  field  strength  as  a  function  of  distance  over  a  seawater  path,  for  100  kV  of 
power  radiated  at  20  kHz  from  a  vertical  antenna.  The  parameters  used  here  were  chosen  to  illustrate  the 
effecLs  of  a  widespread  disturbed  environment,  rather  than  to  represent  some  specific  event  or  path.  Thu 
two  curves  were  calculated  from  Eq.  (1),  using  a  full-wave  propagation  code  to  determine  the  inode  param¬ 
eters.  The  "normal"  curve  exhibits  nulls  and  enhancements  at  ranges  up  to  several  megameters,  caused  by 
interference  among  several  TM  waveguide  modes.  At  greater  distances,  the  higher  order  modes,  which  are 
more  heavily  attenuated  than  the  first  mode,  diminish  in  importance  and  the  signal  falls  off  smoothly  with 
distance. 

The  two  curves  reveal  several  differences  between  the  signals  in  normal  and  disturbed  environments. 

First,  and  most  important,  the  disturbed  signal  falls  well  below  the  normal  signal,  if  at  least  2  or  3  Mm 
of  path  are  exposed.  Such  behaviur  is  typical  of  strong  SPEs  and  certain  nuclear  environments,  and  results 
when  widespread  Ionospheric  disturbances  depress  the  ionospheric  reflection  heights,  causing  severe  signal 
degradation  on  long-haul  VI.F  links.  Second,  the  mode  interference  pattern  is  nearly  absent  in  the  disturbed 
environment,  indicating  that  heavy  attenuation  of  hLglier  order  modes  leaves  only  the  first  mode  to  contrib¬ 
ute  significantly.  Third,  at  ranges  under,  say,  1.5  Mm,  the  signal  can  be  stronger  in  the  disturbed  than 
in  the  normal  environment,  because  the  disturbed  environment  destroys  interference  nulls  and  Increases 
the  excitation  factor.  DC  course,  a  disturbance  covering  most  of  the  path,  but  not  the  terminals,  would 
increase  the  attenuation  hut  not  the  excitation. 

TE-raode  signals  can  be  efficiently  transmitted  and  received  by  antennas  that  arc  a  few  kilometers  above  the 
ground.  TE  signal.",  have  the  following  potential  advantages  for  air-to-air  links:  (1)  trai ling-wire  anten¬ 
nas  tend  to  be  nearly  horizontal;  (2)  the  deep  TM  interference  nulls  can  be  filled;  (3)  TE  modes  cannot  be 
as  efficiently  transmitted  as  TM  modes  by  ground-based  terminals  (except  under  normal  nighttime  conditions, 
where  geomagnetic  conversion  is  strong),  and  hence  provide  some  protection  against  interference  from  low- 
aititude  sources;  (4)  atmospheric  noise  is  believed  to  be  lower  in  the  TE  than  In  the  TM  inode;  and 
(5)  TE  modes  propagate  better  than  TM  modes  over  poorly  conducting  ground,  such  as  exists  throughout  Green¬ 
land  and  much  of  Canada. 

The  greatest  disadvantages  of  TE-modc  links  arc  that  they  (1)  arc  more  vulnerable  than  TM  modes  to  degrada¬ 
tion  in  disturbed  environments,  except  for  propagation  uver  low-conductivity  ground;  and  (2)  do  not  propa¬ 
gate  quite  as  well  an  TM  modes  under  most  normal  conditions. 

These  assertions  can  be  verified  by  inspect  Ing  the  behavior  of  the  modu  parameters  calculated  here.  How¬ 
ever,  they  are  also  illustrated  by  Fig.  10,  which  directly  compares  the  horizontally  and  vertically  polar¬ 
ized  20  kHz  electric  fields  radiated  broadside  to  a  tra l ling-wire  antenna  at  an  altitude  of  40,000  ft  and 
inclined  10  deg  relative  to  the  horizontal  (l|t  =  80  deg).  We  assume  the  receiver  to  also  be  at  40,000  ft, 

and  both  terminals  to  be  within  the  disturbed  region.  Since  Fig,  10  is  Intended  for  comparison,  rather 

than  io  ro.pi  esent  some  specific  link,  wc  allow  only  relative  field  strengths. 

Under  normal  conditions,  the  TE  signal  is  stronger  than  the  TM  at  all  distances,  owing  to  the  relatively 

high  assumed  altitude  and  the  nearly  horizontal  antenna  orientation — the  ratio  of  TE  to  TM  field  strength 
being  proportional  to  tan  ip.  However,  even  for  terminals  at  20,000  ft,  the  TE  and  TM  modes  are  comparable 
at  must  ranges;  and,  since  the  TE  and  TM  nulls  occur  at  different  ranges,  each  polarization  fills  In  the 
nulls  of  the  other.  The  TE  signal  Ls  more  adversely  affected  by  the  disturbance  than  the  TM  signal,  which 
is  dominant  for  distances  beyond  about  1  Miu.  As  indicated  by  Fig.  6,  the  TE  signal  would  be  stronger  than 
the  TM  signal  if  <3^  <,  10~^  mhos /in,  which  is  the  Crt.se  for  large  segments  of  transpolar  paths. 
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5 •  DISCUSSION 

No  experiments  have  simultaneously  measured  VLF/LF  propagation  and  ionospheric-conducLiviLy  height  profiles 
between  35  and  75  km  during  a  widespread  disturbance.  We  therefore  cannot  make  detailed  comparisons  between 
theory  and  experiment.  Nonetheless,  many  data  verify  the  following  three  aspects  of  our  calculations: 

(1)  an  intense  widespread  Ionospheric  disturbance  will  substantially  degrade  long-path  VI.F  signals,  (2) 
poorly  conducting  ground,  such  as  exists  throughout  Greenland  and  much  of  Canada,  causes  considerable  TM 
signal  loss;  and  (3)  an  Ionospheric  disturbance  degrades  TM  signals  much  more  severely  on  paths  over 
poorly  conducting  ground  i  ban  over  seawater. 


WesLeriund  and  bis  colleagues  [1909  and  1973)  i uund  that  VI.F  signals  propagating  across  Greenland  are 
sharply  degraded  by  I  he  poorly  conducting  ice.  Moreover,  l  lie  I r  data  showed  that  SPEs  cause  much  greater 
signal  loss  on  paths  that  cross  Greenland  than  on  seawater  paths.  Oelbcrimin  el  al.  11969)  measured  SPK 
i* ( ferts  <m  VI.F  propagation,  and  found  that  the  Seal l  le -tu-Swi ^zrrl and  signal  typically  decreased  HI  to 
90  dll  during  ail  rvenL. 


For  ground  based  terminals,  G,„  I.  Tin*  exeltaLlon  ol  TE  modes  then  Is  proportional  ! o  l/o^  ami  pro¬ 
hibit  ively  dill  null  excepL  lor  very  poorly  conducting  ground. 
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Field,  Gi 3 i finger ,  and  Schwartz  [1972]  compared  calculations  with  data  from  a  laboratory  model  that  simu¬ 
lated  VLF  TM  propagation  in  the  earth-ionosphere  waveguide.  Both  calculations  and  data  showed  that  (1) 
lowering  the  waveguide's  upper  boundary  increased  the  signal's  attenuation,  (2)  severe  attenuation  occurred 
over  a  simulated  icecap,  and  (3)  lowering  the  waveguide  boundary  caused  much  greater  anomalies  over  the* 
simulated  icecap  than  over  simulated  seawater.  Mode-coupling  at  the  seawatcr/lcecap  boundary  was  noted  in 
the  data  but  not  included  in  the  calculations. 

These  data  pertain  solely  to  TM  signals  from  ground-based  vertical  transmitters.  To  our  knowledge,  no  data 
exist  for  long-range  TE  signals  propagating  through  disturbed  regions  or  over  the  icecap.  Transpolar  trans¬ 
mission  between  two  aircraft  at  VLF/LF  would  therefore  be  a  worthwhile  experiment. 
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Figure  7.  Fraction  of  ionospheric  Ohmic  heating  due  to  ions  vorau: 
severity  of  disturbance:  f  -  20  kHz 


Figure  8.  Kxc  Itation  factor  A  of  Lowest  order  TM  mod"  versus  ground 

conductivity  0^  for  normal  daytime  and  moderately  disturbed 
conditions:  i  -  20  kHz 
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Figure  9:  Daytime  electric  field  strength  versus  distance  d: 

vertical  transmitter,  seawater  path,  100  kW  radiated  power 
»  4  mhos/in,  and  f  =  20  kHz. 
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ABSTRACT 

The  effect  of  electromagnetic  propagation  at  very  low  frequency  in  the 
earth  ionosphere  waveguide  can  distort  wideband  communication  waveforms  and 
produce  a  splitting  of  the  correlation  peak  of  the  received  signal  at  a  modal 
interference  null  where  multipath  signals  arrive  out  of  phase.  Propagation 
from  an  inclined  dipole  antenna  trailed  behind  an  orbiting  aircraft  can  cause 
split  correlation  pattern  lo  fluctuate  throughout  the  orbit  period.  For  the 
case  of  an  MSK  (mi n imum-shi f t-key i ug)  signal  format,  expressions  and  graphs 
are  given  lor  the  correlation  vector,  as  a  function  of  receiver 
synchronization  time  and  aircraft  flight  direction. 


MULTIPATH  VLF  PROPAGATION  EFFECTS  ON 
CORRELATION  RECEIVERS 


INTRODUCTION 

The  propagation  of  very-low  frequency  (VLlO  waves  over  terrestrial  paths  is  often  treated  by  con¬ 
sidering  the  space  between  the  earth  and  the  ionosphere  to  be  the  interior  of  a  waveguide,  with  the 
earth  as  a  lower  boundary  and  the  I)  and  li  layers  of  the  ionosphere  as  an  upper  boundary.  Ordinarily 
several  waveguide  modes  can  propagate  with  low  attenuation  in  the  guide.  Where  two  inodes  have 
approximately  equal  strength  and  arrive  with  approximately  180°  phase  shift  between  their  wave  com¬ 
ponents,  a  modal  interference  null  '  said  to  occur.  Typical  examples  of  such  modal  interference  nulls 
are  shown  in  lug.  1,  taken  from  ids  and  Garner  HI.  The  predicted  curves  for  lug.  I  were  those 
generated  using  the  theoretical  wav  ..uidc  formulation  of  Wait  and  Spies  [2.1. 


Mil-  i  i  i  i  :  ■  1  J 

•»  I  .*  \  .1 

111'. MINI)  I  M|  |.AM>  ’I  HV 

I’ifc  I  C'om|»;iuson  uf  llmm  Heal  ic Mills  Irom  W.m  and  \|m\s 
M  wnh  (ihsp.i vc» I  icnmls  in  IIikIu  lr<nn  San  l  iancisu*>  in  llnnn 
lulu.  Mav  IK  |«),  l%\  lo,  radiate*:  >Niwu  V,  I  kW 

When  an  airborne  facility  transmits  V(  I  waves  using  a  Irsiling-wiie  antenna,  a  cumpliean  a  lime 
varying  field  is  produced  at  a  receive!  I  Ml.  The  inclined  antenna  can  he  considried  a  superposition  o| 
an  elevated  vertical  and  horizontal  anlcnna.  both  quasi  tiansverse  magneto  and  elei  tn-  modes  are  gen 
crated  hy  the  inclined  antenna  flic  amplitudes  of  these  modes  vary  with  the  angle  between  the  bur 
izontul  component  ol  the  antenna  and  the  direction  lo  me  receive! .  If  the  liun/ontally  .mil  vvitic.ills 
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electron  density  models.  The  position  of  the  first  major  intei ference  null  at 
1200  km  predicted  by  the  8  =  .3  km-1-,  h  =  72.0  km  ionosphere  agrees  better 
with  the  data  in  Figure  6  for  both  the  ground  level  and  24,000  ft.  altitude 
predictions.  Predictions  for  11,000  ft.  altitude  were  also  made,  and  they  are 
practically  identical  to  the  predictions  for  the  ground  based  receiver.  For 
example,  in  the  null  at  1,00..  km  range  the  field  strength  was  only  changed  by 
1  dB  for  the  d  =  ,3  km-3,  h  =  72  km  ionosphere  prediction. 


The  waveguide  mode  program  predictions  in  the  present  report  ate  made  using 
exponential  io  osphere  models  characterised  by  parameters  and  h  as  in 
References  5  through  9.  In  these  cases,  the  electron  density,  Ne(z),  and 
collision  frequency,  v e  ( z ) ,  are  given  at  height  z,  by 

Ne(z)  =  1.43  107  exp  |(  8  -.IS)  z  -  fi  hi  ( 1  '■ 

re(z)  =  1.82  1011  exp  ( - .  1 Sz)  (2) 

where  h  and  z  are  in  km,  Ne(z)  is  in  cirf^,  and  c(z)  is  in  sec  "3. 

Reference  S  recommends  a  p  =  .3  km-7,  h  =  72  km  profile  for  daytime 
midlatitude  (continental  U.S.)  fall  paths  and  for  summer  arctic  paths.  The  8 
-  .3  km-3,  h  =  70  km  profile  is  recommended  for  midlatitude  fall  paths 
(Pacific).  The  wave-hop  prediction  program  uses  a  more  complicated 
ionospheric  model  which  depends  on  X  ,  the  zenith  angle  of  the  sun  measured  at 
the  mid-point  of  the  propagation  path.  The  electron  density,  Ne(z,  X  ),  is 
given  by 


where 


Ne(z,  x  ) 

NK ( z ,  x  ) 
Nc<z '  x  ) 


=  Ne  (z,  X  )  +  NC  (z,  X  ) 

is  an  exponential  layer  profile,  and 
is  a  cosmic-ray  "C-layer"  profile. 


(3) 


The  exponential  layer  profile  is  given  by 

NE(z,  x  )  =  103  exp  (b  (z-h)i  (4) 


where 


h  =  (92-14 . 5  cos  x )  km 
h  =  95  km 
b  =  .2  km-1 

b  =  [  .  2  +  .0233  (  X  -  70°) 1 
b  =  .9  km- 3 

The  "C-layer"  profile  is  given  by 
Nc  (z,  x  )  =  Ni  exp  (1  -  x 


for  X  <  102.25° 

for  X  >  102.25° 

for  X  S  70° 
for  70°  <  x  <  100° 
for  X  >  100° 

exp  (-x))  (5) 


where 


x  =  (z  -  hi)  /  H 


(6) 


and 


H  =  3.3  km  for  a  1 1  X 

hi  = 


65  km 


for  x  <  90.3° 
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The 


hi  =  r6S  +  1.03  (X-  90 . 3°) 1  km  for  X  >  90.3° 
values  of  Ni  used  in  (5)  are  given  by 

Ni  -  80  cm"3  for  x  <  90° 

N  i  =  (80  +  10-2(90°-  X))  cm-  3  for  Hf)0<X<y50 


N i  =  4(97  -  X  )cm~3  for  95°  <  X  <  97° 

Nj_  =  0  for  X  >  97° 

The  collision  frequency  re(z),  used  with  the  wave-hop  program  is  given  by 


i'  e  (z)  =  exp  (  Z  a .  x  i  1 
\i  =  l  t 


at  coeffici 

s  ate 

given  as  follows: 

a i  =  2.588x10- 

a  4 

=  -1  . 172xl0"3 

a7  = 

1  .381x10" 30 

a  2  =  -1.210x10" 

a  8 

=  1.749X10"6 

38  = 

4.111xl0"33 

a3  =  1.462xl0"3 

a6 

=  2.948xl0"fi 

ag  = 

-3, 2S9xl.0"ls 

(7) 


Figure  9  shows  sample  graphs  of  the  ionospheric  electron  density  profiles 
described  here. 

Figure  10  shows  field  strenqtn  versus  distance  for  the  47.48  kHz  rceland 
transmitter  measured  during  the  September  flight  from  Keflavik,  Iceland  to 
Patuxent  River  Naval  Aii  Station  in  Maryland.  The  aircraft  flew  at  18,000  ft. 
during  the  early  portion  of  the  flight  until  the  distance  from  Keflavik  was 
about  1900  km  and  was  at  24,000  ft.  altitude  for  the  rest  of  the  data. 
Waveguide  mode  predictions  using  a  /S  =  . 3  km"3,  h  =  72  km  ionosphere  model 
and  the  wave-hop  program  predictions  agree  with  the  data  fairly  well  out  to 
2,200  km.  There  is  an  unexplained  difference  between  both  theoretical 
predictions  and  the  experimental  data  beyond  2,200  km,  where  landfall  over 
Canada  occurred.  The  change  in  ground  conductivity  between  sea  water  and  land 
may  contribute  to  the  observed  difference. 

Figure  11,  which  shows  a  field  strength  versus  distance  plot  of  the  80.08  kHz 
transmission  from  Iceland  during  the  September  flight  from  Iceland  to  Patuxent 
River,  there  is  also  an  unexplained  disagreement  between  the  wave-guide  mode 
[  fj  -  3  km"3,  h  =  72  km)  theory  and  the  experimental  data  heyond  2,200  km. 

The  wave-hop  model  disagrees  with  the  data  over  a  greater  range.  There  wore 
no  solar  flares  reported  during  the  period  of  the  fliqht  that  would  explain 
the  disagreements  seen  on  80.08  kHz  and  47.48  kHz. 

Figure  12  gives  field  strength  versus  distance  for  the  88.8  kHz  transmissions 
from  Thurso,  Scotland  received  on  the  aircraft  as  it  approached  Thurso  durinq 
the  flight  from  Keflavik  to  Rota.  The  aircraft  was  at  11,000  ft.  altitude 
durinq  the  first  portion  of  the  flight.  When  the  aircraft  was  about  780  km 
from  Thurso,  the  altitude  was  increased  to  27,000  ft.  to  avoid  had  weather  and 
maintained  there.  A  wavequide  mode  prediction  usinq  the  0  =  .3  km"3r  h  =  72 
km  ionosphere  for  a  receiver  at  11,000  ft  altitude  (dashed  line)  shows  an 
increase  in  the  depth  of  the  interference  null  in  comparison  to  the  28,000  ft. 
altitude  prediction  (solid  line)  bn :  little  change  of  null  location.  The 
choice  of  a  slightly  different  ionospheric  heiqht  and  a  value  of  0  may  produce 
better  agreement. 

Figure  13  presents  field  strength  versus  distance  data  fur  the  Thurso 
transmitter  on  the  outbound  portion  of  the  Keflavik  to  Rota  flight,  and  on  the 
inbound  portion  of  the  return  fliqht.  The  data  and  theoretical  predictions 
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shown  here  are  in  reasonably  good  agreement.  For  this  prediction  a  (  &  =  .3 

km-!-,  h  '  72  krn)  ionospheric  profile  was  used.  It  was  essential  that  the 
value  of  poor  ground  conductivity  (  a  =  .001  mho/ni)  be  used  in  this  case.  A 
prediction  for  this  path  using  the  conductivity  of  sea-water  (  a =  4  mho/m) 
gave  a  completely  different  prediction  which  disagreed  greatly  with  the 
measured  data. 

Data  taken  at  a  higher  LF  frequency  are  given  in  Figure  14,  which  shows  the 
measured  and  the  theoretical  field  strength  versus  distance  plots  for  a  Greece 
transmitter  at  148.5  kHz  for  the  daytime  flight  from  Athens  to  Rota  using  an 
NM-12AT  field  intensity  meter  on  the  long  wire  antenna.  The  theoretical  data 
were  obtained  from  the  wave-hop  prediction  program  and  are  for  a  receiver  on 
the  ground.  The  experiment  and  theory  agree  fairly  well  in  this  case. 

Figure  15  shows  field  strength  versus  distance  plots  for  the  148.5  kHz  Greece 
transmitter  during  a  September  nighttime  flight  in  the  Eastern  Mediterranean 
area.  Tie  solid  line  shows  the  experimental  values  while  the  dashed  line 
gives  the  theoretical  values  generated  by  the  wave-hop  prediction  method.  It 
can  be  seen  that  the  theoretical  model  predicts  the  general  behavior  of  the 
signal  reduction  with  distance  from  the  transmitter  and  also  predicts  the 
fairly  sizeable  and  rapid  oscillations  of  field  strength  versus  distance. 
However,  the  experimental  and  theoretical  curves  do  not  agree  in  detail.  The 
observed  field  varies  up  and  down  in  strength  more  rapidly  than  the  predicted 
field. 

Figure  16  shows  field  strenqth  versus  distance  data  measured  during  a  daytime 
calibration  flight  on  September  14,  1976  off  the  F.ast  Coast  of  the  United 
States.  The  aircraft  was  flying  a  polygonal  figure  during  the  time  when  these 
data  points  were  recorded  using  the  long  wire  antenna.  It  is  shown  that 
although  the  aircraft  turned  through  360°  of  heading  from  the  Annapolis 
transmitter,  the  total  change  in  field  strength  observed  during  the  polygon 
can  be  very  well  attributed  to  the  normal  theoretical  variation  of  field 
strength  versus  distance  given  by  the  solid  lines  in  both  figures.  In  this 
figure  an  X  is  plotted  to  indicate  points  at  which  the  same  field  strength 
value  was  measured  at  the  same  distance  but  with  two  different  aircraft 
headinqs.  Because  the  long  wire  antenna  exhibited  the  property  of  an 
isotropic  receiving  antenna,  no  correction  factor  depending  on  aircraft 
heading  had  to  he  added  to  the  measured  field  strength  values  shown  in  the 
other  figures  of  this  paper. 

Figure  17  shows  a  field  strenqth  versus  distance  plot  of  data  taken  on  the 
long  wire  antenna  using  the  NM-12AT  during  the  incoming  flight  from  Athens 
toward  the  LF  transmitter  at  Morocco  on  57.0  kHz.  The  theoretical  data  are 
obtained  from  the  wave-hop  computer  program. 

The  comparisons  that  have  been  made  so  far  with  the  experimental  data  indicate 
a  preference  for  the  use  of  a  /9  =  , 3  km-!,  h  =  72  km  ionosphere  in  the 
waveguide  program.  The  wave-hop  program  agrees  as  well  with  most  of  the  data 
-  except  for  the  80.05  kHz  data  in  Figure  11.  The  j?  =  .  5  km"-!-,  h  =  70  km 
ionosphere  profile  used  with  the  waveguide  program  does  not  agree  even 
qualitatively  with  the  data.  At  nighttime  the  large,  rapid  oscillations  of 
the  field  strength  with  distance  are  qualitatively  explained  by  the  wave-hop 
prediction  model. 

3.  THE  MARCH  1977  DATA 

The  emphasis  on  the  March  1977  experiments  vas  to  obtain  nighttime  data  over 
paths  similar  to  those  of  the  previous  experimental  period.  Certain  changes 
in  the  aircraft  paths  were  introduced  because  of  the  maintainance  schedules  of 
the  Thurso,  Scotland  transmitter.  The  Thurso  transmitter  was  off  the  air 
during  the  return  period;  so  a  fliciht  through  Great  Britain  was  not  made  on 
the  return  trip.  The  return  flights  were  from  Rota,  Spain  to  the  Azores;  from 
tne  Azores  to  Keflavik,  Iceland;  from  Keflavik  back  to  the  Azores;  and  a  final 
flight  from  the  Azores  to  Patuxent  River,  Naval  Air  Station  in  Maryland,  USA. 
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Figure  18  shows  the  nighttime  propagation  tints  taken  during  a  flight  from 
Keflavik  out  over  the  Norwegian  Sea  and  return.  The  theoretical  prediction  of 
the  wave-hop  program  is  shown  as  a  heavy  line  and  the  measured  field  strength 
values  are  lighter  lines.  The  times  when  the  aircraft  was  at  the  various 
locations  arc  indicated  on  the  figure.  Two  severe  discrepancies  are  apparent 
between  the  theoretical  predictions  and  the  experiments.  First,  the 
groundwave  attenuation  near  the  transmitter  appears  to  he  much  greater  than 
predicted  by  the  model  giving  a  10  dB  discrepancy  at  a  range  of  500  km. 

Second  the  field  pattern  contains  a  rapidly  oscillatinq  component  that  is  not 
contained  in  the  predictions.  The  enhanced  ground  wave  attenuation  might  he 
corrected  by  a  change  in  our  assumed  values  for  Icelandic  qround 
conductivity.  The  extra  microstructure  in  the  field  strength  versus  distance 
plot  may  be  caused  by  additional  horizontal  or  vertical  structure  in  the 
ionospheric  electron  density. 

During  a  nighttime  flight  in  from  Athens  to  Athens  (Fig.  19)  on  58.3  KHz  there 
was  much  better  agreement  between  theory  and  experiment  between  0  -  500  km. 
However  the  observed  microstructure  is  much  greater  than  that  predicted  by 
theor  ^ 

During  the  fligif  from  Keflavik  to  Rota  the  aircraft  overflew  the  Thurso 
transmitter.  Thu  data  on  Fig.  20  were  obtained  at  55.5  KHz.  There  is  fairly 
reasonable  agreement  in  overall  field  strenqth  magnitude  over  a  great  deal  of 
the  path,  but  the  position  and  depth  of  the  nulls  between  .3  Mm  and  1.0  Mm  are 
not  reproduced  very  closely.  Also,  the  microstructure  is  not  reproduced 
e i the  r  . 

The  flight  path  from  Athens  to  Rota  is  shown  in  Fig.  21.  The  data  from  this 
flight  measuring  the  Morocco  transmissions  on  57.0  KHz  are  shown  in  Fig.  22. 

A  greater  degree  of  microstructure  is  evident  than  in  predicted  by  the 
theoretical  model.  Also  the  theoretically  predicted  nulls  at  1.48  Mu  and  1.88 
Mm  were  not  observed  in  the  measured  data.  On  the  same  flight  the 
transmissions  of  the  Greece  Station  at  58.3  KHz  were  also  monitored.  The 
measured  interference  null  pattern  persists  out  to  about  1.8  Mm  while  the 
theoretical  pattern  smooths  out  at  about  .9  Mu.  The  difference  between  the 
observed  field  strength  and  the  theory  is  quite  large  also  (between  10  -  20 
dB)  at  the  extreme  range.  The  values  of  field  strength  generated  by  the 
Greece  transmitter  on  148.5  KHz  is  shown  on  Fig.  23.  In  this  case  we  see  lots 
of  microstructure;  but  surprisingly  the  experimental  fields  usually  exceed  the 
theoretical  fields  -  reversing  the  situation  of  the  previous  Fiqure. 

The  experimental  and  theoretical  data  taken  during  the  fliqht  from  Rota,  Spain 
to  the  Azores  is  shown  in  Fiq.  24.  Here  the  overall  agreement  between  theory 
and  measured  data  is  good. 

The  data  taken  on  the  flights  from  the  Azores  to  Iceland  and  return  are  shown 
in  Figures  25  -  28.  The  comparison  of  data  on  Fiq.  25  and  Fiq.  26  which  are 
both  Keflavik  transmissions  on  80.0  KHz  indicate  quite  a  wide  variability  from 
night,  to  night  in  the  propagation  of  the  waves.  The  data  taken  on  the  Morocco 
transmissions  during  the  return  flight  from  Azores  to  Patuxent.  River,  Maryland 
are  shown  in  Fig.  29. 

In  summary  this  research  points  to  several  directions  of  progress  in  the 
future.  First,  we  need  a  good  wave-hop  program  for  elevated  receivers. 

Second,  we  need  to  include  realistic  inhomoqeneities  in  the  model  or  introduce 
a  statistical  factor  to  take  this  microstructure  into  account.  Third,  because 
the  field  values  and  patterns  can  change  dramatically  from  night  to  niqht,  our 
data  collection  and  ionospheric  models  must  account  for  the  dynamic  situation 
occurring  in  the  lower  ionosphere  where  the  waves  reflect.  Tn  a  certain  sense 
the  entire  concept  of  a  single  fixed  strength  prediction  utilizing  the 
mathematical  power  of  the  wave-hop  or  waveguide  program  ip.  challenged  by  the 
variation  of  the  ionosphere. 


A  review  of  the  findings  of  other  scientist  on  the  horizontal  structure  of  the 
lower  ionosphere  during  nighttime  makes  one  strongly  suspect  that  the  field 
strength  ripples  that  we  observe  are  caused  by  similar  structures  in  the 
ionosphere.  It  may  be  that  gravity  waves  are  a  source  of  those  oscillations 
(refs.  10  through  12);  or  there  may  exist  a  general  patchiness  caused  by 
meterolog ical  phenomena  affecting  the  production  or  recombin iat ion  processes. 
To  investigate  this  possibility  some  separate  lower  ionospheric  probe  like  a 
vertical  ionosonde  or  partial  reflection  device  or  airglow  monitor  miqht  be 
benefically  included  in  a  future  aircraft  experiment  if  feasihle. 
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Fig.  I  The  experimental  flight  paths. 
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Scheduled  times  For  the  September  Flights, 
accomplished  within  these  time  blocks. 
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The  flights  were 


AIRBORNE  RECORDING  SYSTEM 


Fig  . 


4  Block  diagram  of  the  aircraft  recording  and  field  measurement 

systems.  Similar  recording  and  measurement  systems  were  installed 
near  the  four  LF  transmitter  sites  in  Iceland,  Scotland,  Morocco  and 
Greece . 
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Fig.  5  Field  strength  versus  distance  plot  of  the  57.0  kHz  transmissions 

from  a  Morocco  transmitter  measured  using  an  NM-12AT  field  intensity 
meter  during  daytime  flight  from  Rota,  Spain  to  Athens,  Greece.  The 
long  wire  antenna  was  used,  the  field  strengths  are  normalized  to 
those  produced  by  a  1  kw  radiated  power  transmitter. 
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f>  Field  strength  versus  distance  plot  of  the  5R.3  kHz  transmissions 
from  the  Greece  transmitter  measured  using  an  NM-12AT  field 
intensity  meter  while  flying  during  daytime  from  Rota,  Spain  to 
Athens,  Greece  and  return.  Ori  the  flight  to  Greece  the  long  wire 
antenna  war.  used,  on  the  return  flight  a  fore-and-aft  loop  antenna 
war,  used  for  most  of  the  fliqht.  The  field  strengths  were 
normalized  to  those  produced  by  a  1  kW  radiated  power  transmitter. 
The  theoretical  curve  used  hero  was  generated  from  the  wave-hop 
program. 


km 

Theoretical  field  strength  versus  distance  plots  from  a  Greece 
transmitter  on  58.3  kHz  normalized  to  one  kilowatt  radiated  poser. 
An  ionospheric  electron  density  profile  havinq  a  0  =  0.5  km-’  and 
h  =  70.0  km  was  used  to  make  these  predictions  using  a  waveguide 
mode  program.  Two  different  receiver  altitudes  are  shown. 


km 


Theoretical  field  strength  versus  distance  plots  from  a  Greece 
transmitter  on  58.3  kHz  normalized  to  one  kilowatt  radiated  power. 
An  ionospheric  electron  density  profile  havinq  a  (3  =  0.3  km-1  and 
li  -  72  km  was  used  to  make  these  predictions  usinq  a  waveguide  mode 
program.  Two  receiver  altitudes  arc  shown. 
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Fig.  9  Model  electron  density  profiles  used  in  makinq  the  theoretical 
propagation  predictions. 
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Fig.  10  Field  strength  versus  distance  plots  from  the  Iceland  transmitter 
on  4 7.4S  kHz  measured  using  a  NM-12AT  field  intensity  meter  during 
the  daytime  fliqht  from  Koflavik,  Iceland  to  Patuxent  River  Naval 
Air  Station  in  Maryland.  The  long  wire  antenna  was  used.  The  solid 
theoretical  curve  was  generated  usinq  the  wave-hop  proqram.  The 
dashed  and  dash-dot  theoretical  curves  represent  the  0  -  . 5  km-', 

h  =  70  km  and  the  0  ■-  .3  km-^,  h  -  72  kin  ionospheric  model 
predictions  respectively  for  a  receiver  altitude  of  2S,  000  ft. 
using  the  waveguide  program. 
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Fig.  11  Field  strength  versus  distance  plots  from  an  Iceland  transmitter 

on  30.05  kHz  measured  using  an  NM-12AT  field  intensity  meter  during 
the  daytime  flight  from  Keflavik,  Iceland  to  Patuxent  River  Naval 
Air  Station  in  Maryland.  The  long  wire  antenna  was  used.  The  solid 
theoretical  curve  was  generated  using  the  wave-hop  program.  The 
field  strengths  are  normalized  to  those  produced  by  a  1  kW  radiated 
power  transmitter.  The  dashed  and  dot-datshed  curves  are  the  same 
as  for  Figure  10. 


Fig.  12  Field  strength  versus  distance  plots  from  the  Thurso,  Scotland 

transmitter  on  55.5  kHz  obtained  during  the  flight  from  Iceland  to 
Thurso  (x's)  and  from  Thurso  to  Iceland  (dots)  on  the  long  wire 
antenna.  The  heavy  solid  line  and  the  dashed  line  are  waveguide 
mode  predictions  using  a  /3  =  .3  km-1,  h  =  72  km  ionosphere  profile 
for  receiver  altitudes  of  25,000  ft  and  11,000  ft  respectively.  The 
light  solid  line  is  added  to  guide  the  eye  throuqh  the  data  at  the 
sharp  interference  null. 
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Fig.  13  Field  strength  versus  distance  plots  from  the  Thurso,  Scotland 

transmitter  on  55.5  kHz  measured  from  tape  recordings  made  of  the 
long  wire  antenna  signal  (x's),  and  from  NM-12AT  measurements  using 
the  fore-and-aft  loop  (  's)  on  the  Thurso  to  Rota  flight,  and  from 

a  NM-12AT  measurements  of  the  long  wire  antenna  signal  (o's)  during 
the  return  flight  from  Rota  to  Thurso.  The  solid  line  is  a 
waveguide  mode  prediction  of  the  field  strength  using  a  (  0  =  .  3 
km-1,  h  =  72  km)  ionospheric  profile  and  a  ground  conductivity  of 
.001  mho/m  which  is  characteristic  of  Northern  Scotland.  The 
receiver  altitude  assumed  in  the  prediction  is  25,000  ft.  The  field 
strengths  are  normalized  to  a  transmitter  producing  one  kilowatt  of 
radiated  power. 


Fig.  14  Field  strength  versus  distance  plot  of  the  148.5  kHz  transmissions 
from  the  Greece  transmitter  measured  using  an  NM-12AT  field 
intensity  meter  while  flying  during  daytime  from  Athens,  Greece  to 
Rota,  Spain  via  Morocco.  The  long  wire  antenna  was  used.  The 
fields  are  normalised  to  those  produced  by  a  1  kW  radiated  power 
transmitter.  The  solid  theoretical  curve  was  made  by  the  wave-hop 
computer  program. 
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Field  strength  versus  distance  plots  of  the  148.5  kHz  transmission 
from  a  Greece  transmitter  measured  using  an  NM-12AT  field  intensity 
meter  during  a  nighttime  flight  originating  in  Athens.  The  long 
wire  antenna  was  used.  The  field  strengths  are  normalized  to  those 
produced  by  a  1  kW  radiated  power  transmitter.  This  data  was 
collected  when  the  aircraft  was  west  and  south  of  Athens.  The 
dashed  line  is  a  theoretical  prediction  generated  by  the  wave-hop 
program.  The  upper  figure  shows  data  from  the  flight  between  Athens 
and  a  point  in  the  Mediterranean  (36°  59'N,  17°  27'E)  southwest 
of  Athens.  The  lower  figure  shows  data  obtained  during  the 
subsequent  portion  of  the  flight  from  this  point  direct  to  a  point 
(35°  13.5'N.  23°  41'E)  southeast  of  Athens. 


134.9  kHz 


260  km 


)  180  200  220  240  km 

Field  strength  versus  distance  data  from  the  Annapolis,  Maryland 
transmitters.  This  data  was  taken  while  the  aircraft  made  two 
12-sided  polygonal  flights  to  determine  the  antenna  pattern  of  the 
lonq-wire  and  loop  antennas  on  board  the  aircraft.  The  crosses 
indicate  the  coincidence  of  2  data  points  where  the  aircraft  was  at 
the  same  range  but  different  antenna  hearings  to  the  Annapolis 
transmitter.  These  data  are  consistent  with  an  omnidirectional 
reception  pattern  for  the  long  wire  antenna  under  daytime 
propagation  conditions  to  within  about  + 0 . 5  dB  average  error.  The 
solid  lines  indicate  the  theoretical  field  strength  versus  distance 
(normalized  to  1  kW  radiated  power)  obtained  from  the  wave-hop 
program.  The  data  and  predictions  on  the  lower  graph  are  for  SI. 4 
Hz. 
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Fig.  17  Field  strength  versus  distance  measured  during  the  inbound  flight 
toward  the  Morocco  transmitter  on  the  flight  from  Athens.  The 
fields  are  normalized  to  1  kW  radiated  power  from  the  transmitter. 
The  dots  represent  the  experimental  points  and  the  solid  line  is  the 
prediction  of  the  wave-hop  program.  When  the  aircraft  was  180  km 
from  the  transmitter,  it  increased  its  altitude  from  12,000  to 
18,000  ft.  and  maintained  that  altitude. 
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Fig.  18  Field  strength  versus  distance  data  for  Keflavik  transmissions 

on  80.1  KHz  during  flight  from  Keflavik,  Iceland  to  the  northeast 
during  nighttime  of  3  to  4  Mar  1977  at  an  altitude  of  approximately 
23,000  feet.  Experimental  data  are  shown  by  the  light  line. 
Theoretical  predictions  are  the  heavy  line. 
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Fig.  19  Field  strenqth  versus  distance  data  for  Greece  transmissions 

on  58.3  KHz  during  flight  from  Athens,  Greece  to  the  west  during 
nighttime  of  10  to  11  Mar  1977  at  an  altitude  of  approximately 
22,000  feet.  Experimental  data  are  shown  by  the  light  line. 
Theoretical  predictions  are  the  heavy  line. 
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Fig.  20  Field  strength  versus  distance  data  for  Thurso  transmissions 

on  55.5  KHz  during  flight  from  Keflavik,  Iceland  to  Rota,  Spain 
during  nighttime  of  5  to  6  Mar  1977  at  an  altitude  of  approximately 
23,000  feet.  Experimental  data  are  shown  by  the  light  line. 
Theoretical  predictions  are  the  heavy  line. 
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Pig.  21  Map  showing  path  traversed  on  flight  from  Athens  to  Rota. 


MOROCCO  NIGHT 


.  22  Field  strength  versus  distance  data  for  Morocco  transmissions 

on  r>7.0  KHz  durinq  flight  from  Athens,  Greece  to  Rota,  Spain  during 
nighttime  of  14  to  15  Mar  1977  at  an  altitude  of  approximately 
20,000  feet.  Experimental  data  are  shown  by  the  light  line. 
Theoretical  predictions  are  the  heavy  line. 


ui/A*  L  T3B  » 


24-20 


GREECE  NIGHT 
MAR  15 
0134  Z 
58.3  kHx 
1.00  kW 


Fig.  23  Field  strength  versus  distance  data  for  Greece  transmissions 

on  58.3  KHz  during  flight  from  Athens,  Greece  to  Rota,  Spain  durinq 
nighttime  of  14  to  15  Mar  1977  at  an  altitude  of  approximately 
20,000  feet.  Experimental  data  are  shown  by  the  light  line. 
Theoretical  predictions  are  the  heavy  line. 
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Fig.  24  Field  strength  versus  distance  data  for  Morocco  transmissions 

on  57.0  KHz  during  flight  from  Rota,  Spain  to  Lajes,  Azores  durinq 
nighttime  of  15  to  16  Mar  1977  at  an  altitude  of  approximately 
21,000  feet.  Experimental  data  are  shown  by  the  light  line. 
Theoretical  predictions  are  the  heavy  line. 
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Fig.  25  Field  strength  versus  distance  data  tor  Greece  transmissions 

on  143.5  KHz  during  flight  from  Athens,  Greece  to  Kota,  Spain  during 
nighttime  of  14  to  15  Mar  1977  at  an  altitude  of  approximately 
20,000  feet.  Experimental  data  are  shown  by  the  light  line. 
Theoretical  predictions  are  'he  heavy  line. 
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Fig.  26  Field  strength  versus  distance  data  tor  Morocco  transmissions 

on  57.0  KHz  during  flight  from  Lajes,  Azores  to  Patuxent  River, 
Maryland,  USA  during  nighttime  of  21  to  22  Mar  1977  at  an  altitude 
of  approximately  20,000  feet.  Experimental  data  are  shown  by  the 
light  line.  Theoretical  predictions  are  the  heavy  line. 
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.  27  Field  strength  versus  distance  data  for  Iceland  transmissions 

on  47.45  KHz  during  flight  from  hajes,  Azores  to  Keflavik,  Iceland 
during  nighttime  of  17  to  18  Mar  1977  at  an  altitude  of 
approximately  23,000  feet.  Experimental  data  are  shown  by  the  light 
line.  Theoretical  predictions  are  the  heavy  lino. 
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Fig.  28  Field  strength  versus  distance  data  for  Iceland  transmissions 

on  80.0  KHz  during  flight  from  I.ajes,  Azores  to  Keflavik,  Iceland 
during  nighttime  of  17  to  18  Mar  1977  at  an  altitude  of 
approximately  23,000  feet.  Experimental  data  are  shown  by  the  1 iqht 
Line.  Theoretical  predictions  are  the  heavy  line. 
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Fig.  29  Field  strength  versus  distance  data  tor  Iceland  transmissions 

on  00.0  KHz  during  flight  from  Keflavik,  Iceland  to  Lajes,  Azores 
during  nighttime  of  19  to  20  Mar  1977  at  an  altitude  of 
approximately  24,000  feet.  Experimental  data  are  shown  by  the  liqht 
line.  Theoretical  predictions  are  the  heavy  line. 
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MEASURE  OF  E.C.P.,  TIME  OF  ARRIVAL.  AMPLITUDE  AND  PHASE  OF  BOTH  GROUND  AND  REFLECTED  WAVES  OF 
LORAN-C  PULSES  - 

J-C.  Litvin,  J-P,  Hamalde,  W.  Scholiers,  J-F.  Lechien 
University  Libre  de  Bruxelles 

Campus  Plaine,  C.P.  222 ,  Boulevard  du  Triomphe, 

1030  Bruxelles  (Belgium) 


SUMMARY 


We  are  studying  the  LORAN-C  pulses  emitted  at  100  kHz  by  the  Sylt  station  (Federal  Republic  of 
Germany)  and  received  at  Brussels  situated  at  514  km.  The  pulses  are  analysed  digitally.  After  deconvo¬ 
lution  oE  the  recei‘v»d  wave,  the  ground  wave  (measured  before  with  high  precision)  is  subtracted  to  obtain 
the  reflected  wave  on  the  ionosphere.  This  analysis  provides  accurate  results  Lor  time  of  arrival,  ampli¬ 
tude,  phase,  ECU  of  both  ground  and  reflected  waves.  The  heights  of  the  D  layer  of  the  ionosphere  are  al¬ 
so  given. 

1.  EXPERIMENTAL  SET  UP 

The  experimental  set  up  (Guillaume,  F. ,  1977)  is  composed  by  a  home-made  reception  system  for 
the  LORAN-C  signals  (fig.  n°  1).  Data  acquisition  and  signal  averaging  are  performed  on-line  by  a 
MOTOROLA  6800  micro-computer.  The  sampling  frequency  is  400  kHz  and  256  data  are  memorized  for  a  time 
interval  of  640  yUs.  The  averaged  pulse  is  obtained  after  a  uuinmation  that  depends  of  the  noise  amplitu¬ 
de.  The  impulse  response  of  the  antenna-receiver  system  is  measured  by  the  same  way  :  a  60  ns  duration 
pulse  is  emitted  by  an  auxiliary  loop. 

The  preprocessed  data  are  sent  by  a  telex  line  to  a  CDC  6600  computer  for  complete  processing 
(deconvolution  and  subtraction).  Now,  the  subtraction  is  done  on-line  by  the  micro-computer. 

2 .  NOISE  AT  THE  OUTPUT  OF  THE  RECEIVING  SYSTEM 

An  amplitude  difference  of  a  factor  4  is  currently  observed  for  noise  during  a  period  of  2,4 
hours.  To  improve  the  speed  of  the  data  acquisition,  we  intend  to  adjust  the  number  of  the  pulses  avera¬ 
ged  to  the  amplitude  of  noise  (CS*)  for  a  given  accuracy  (PhO  •  A  study  oi  correlation  shows  that  the 

white  noise  hypothesis  cannot  be  kept,  ns  a  set-off,  noise  is  stationary  for  time  up  to  20  min.  This 
leads  to  the  empirical  relation 

<Sh  -  «(a)  -gl. 

where  CSV*  is  the  standard  deviation  after  a  mean  of  0^  pulses 
<5*1  is  the  standard  deviation  for  one  pulse 
0.(40  is  an  empirical  factor 

[a(256)  =»  1.09  ;  a ( 5 1 2 )  =  1.18  j  a(l024)  =  1.53J. 

3 .  DECONVOLUTION 

It  is  well  known  that  the  effect  ol  a  filter  on  u  L.F,  pulse  is  to  produce  on  the  carrier  a  de¬ 
lay  depending  mainly  on  the  phase  churaelurl ;:Lics  ol  the  filter  at  the  tuned  frequency.  On  the  other  hand, 
the  slope  of  the  envelop  will  also  be  alfcdod.  BoLh  delays  ••  on  the  envelop  and  on  the  emrier  -  arc  in 
general  different. 

The  utility  ol  deconvolution  appears  in  !  .  n°  2.  The  external  edges  ol  the  Lransfert  function 

II  (SO  of  LOFAN-pulses  must  be  corrected  in  taking  o  account  of  the  trnnsfert  function  of  the  receiving 
system  G  (S') 

The  general  procedure  for  deconvolution  is  given  in  the  figure  n°  3  where  h(t)  represents  the  re¬ 
ceived  wave  and  g(t)  the  impulse  response  of  the  receiving  system.  The  method  consists  oi  determining  the 
best  number  oi  courier  coefficients  i.e,  the  bund-width  of  the  LrausfurL  il(  ^  )  for  u  good  restitution  ul 
the  pulse  at  the  antenna  f(t)  (in  amplitude  and  phase).  A  band-width  of  81.25  kHz  to  118.75  kHz  for  ) 

was  chosen,  A  reconstruction  of  the  form  ol  the  envelop  at  lt)~^  oi  relative  amplitude  and  a  phase  resto¬ 
ration  at  10  n»  is  obtained.  This  choice  has  been  studied  in  detail  (Lechien,  J-P.)  and  will  not  be  discus¬ 
sed  here. 

The  fig,  n°  4  shows  l'or  one  particular  case  the  difference  in  amplitude  and  phase  between  a  non 
deconvolued  pulse  and  a  deconvolued  one. 

1L  is  i(t)  that  will  lie  utilized  Lor  fui*ther  calculations, 

4.  OBTAINMKNT  OF  THE  REFLECTED  WAVE. 

The  received  wave  at  Brussels  (the  total  wave)  is  formed  by  the  sum  oi  the  ground  and  the  reflec¬ 
ted  wave  on  the  I)  layer  ol  ionosphere.  (Fig.  nrt  5).  Lei  us  remark  that  the  received  ground  and  reflected 
waves  are  different  of  the  emitted  wave  because  of  the  dispersive  effect  of  the  propagation  medium  (res¬ 
pectively  Lin*,  whole  sea-ground  imH  Ionosphere), 


The  tig.  n°  6  gives  an  Illustration  of  this  wave  superposir.iovi. 

The  total  wave  f(t)  is  represented  by 

=  4  s^o^-bo+^r] 

where  1=0  charactrizes  the  ground  wave  and 
i  =  1  the  reflected  wave 
£  ^  is  the  form  of  the  envelop 

t the  time  of  arrival  of  the  pulse  measured  on  the  leading  edge  of  the  en  lop  at  61  %  of  the 
maximum  ait.pl i  tude . 

At  the  maximum  amplitude  of  the  envelop 
\P‘  the  phase  of  the  carrier 

(t^  and  ^  are  measured  related  to  the  local  clock). 

The  principal  parameters  studied  in  the  experimental  results  are  : 

a)  Ab-fc<-t*  the  difference  of  time  of  arrival  between  the  reflected  and  the  ground  wave 

b)  ECU  e  and  ECU  4  (envelop  to  cycle  discrepancy)  is  the  interval  between  the  time  of  arrival  of  the  en¬ 
velop  and  the  phase  (zero  crossing  of  the  carrier  around  the  t  points). 

We  can  extract  the  reflected  wave  from  the  measured  wave  f(t)  by  subtraction  of  the  rvjcetved 
ground  wave.  To  perform  a  precise  subtraction,  the  more  exact  form  of  the  ground  wave  must  be  known  : 
that  is  the  more  difficult  point  of  our  work. 

5.  EVALUATION  OF  THE  RECEIVED  GRuUND  WAVE 

The  effect  of  dispersion  is  neglected  and,  therefore,  the  emitted  wave  can  be  taken  instead  of 
the  received  ground  wave  when  we  perform  the  subtraction. 

We  went  (in  July  1979)  in  the  neighbourhood  of  the  emitter  (at  30  km)  to  measure  accurately  the 
emitted  wave  (not  disturbed  there  by  the  reflected  wave.  First,  the  form  observed  is  not  the  theoretical 
one  (t^e-0^  announced  in  the  literature)  but  presents  many  rebounding?.  The  difference  in  the  form  of 
the  two  envelops  is  shown  in  the  fig.  n°  7.  The  currier  is  not  represented  for  the  theoretical  form. 

For  clearness,  we  shall  use  this  simplification  many  times  in  the  following  figures. 

Using  this  emitted  wave,  and  taking  into  account  of  the  measured  ECU  of  each  pulse,  many  hun¬ 
dred  pulses,  spread  on  several  days  were  interpreted.  The  results  of  subtractions  are  good  but  the  form 
of  the  reflected  wave  presents  a  few  irregularities  when  their  relative  amplitude  Aj,  is  less  than  25  7.  , 

At  the  present  time,  we  observe  an  unexpected  difference  between  the  wave  form  measured  now  and 
that  obtained  in  July  1979.  This  deviation  is  explained  by  the  existence  of  two  power  amplifier  tank 
circuits  having  not  the  same  turning  frequency  (Johnson,  D. t  1981).  This  fact  gives  no  problem  for  navi¬ 
gation  or  clock  synchronization  but  for  subtraction,  the  precise  knowledge  of  the  two  forms  are  needed. 
The  results  presented  in  this  paper  use  the  form  measured  in  July  1979. 

6.  EXPERIMENTAL  RESULTS 

6,1,  Virtual  height  of  the  D  layer  of  ionosphere 

The  difference  of  time  of  arrival  between  the  ground  wave  and  the  reflected  wave  A  t,  are  di¬ 
rectly  Interpreted  in  distance  difference  travelled  by  the  two  waves.  From  that,  the  virtual  height  of 
reflection  is  obtained.  In  this  work,  we  admit  an  optical  reflection  on  the  1)  layer  (fig.  u°  5).  Only 
simple  reflection  has  been  observed. 

In  the  fig,  n°  8,  an  example  of  subtraction  is  presented.  In  this  pulse,  the  reflected  wave, 
arrives  103  J,i  s  after  the  ground  wave  (  At)  that  corresponds  to  h  =  86  km,  and  uis  relative  amplitude 
Ar  ia  equal  to  57  7,  .  The  validity  of  the  subtraction  can  be  tested  in  observing  the  form  of  the  envelop 
and  also  in  the  constancy  of  the  phase  of  the  reflected  wave, 

A  set  of  measurements  during  24  h,  i6  given  :  A  t  in on  the  upper  part  . and  Ar  in  percenta¬ 
ge  on  the  lower  part  of  fig.  n°  9.  7 

During  the  night,  A  t  varies  around  105  +  5^s  that  leads  to  a  virtual  high  of  h  =  87+2.5  km. 
These  variations  observed  during  the  night  have  a  real  physical  meaning  (movement  of  the  height  of  the 
D  laver)  and  are  not  due  to  a  lack  of  precision  of  the  measure. 

During  the  day,  we  observe  /N,  l  3  08  +  5  Js a  i.e  *"  70  +  2.5  km. 

The  relative  amplitude  Ar  imposes  two  remarks  : 

a)  the  amplitude  ol  the  reflected  wave  is  greater  during  the  uight  than  during  the  day.  Sometimes  (as 
around  04h30),  the  reflected  wave  is  more  important  than  the  ground  wave. 
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b)  during  the  day,  Ar  is  often  less  than  25  %  .  In  these  conditions,  we  cannot  obtain  reliable  values 
for  t  and  £CD^  (dashed  lines  on  the  figures). 

These  remarks  are  valid  for  all  our  measurements  made  at  different  period  of  the  year. 

7.  MEASURE  OF  E.C.D. 

In  order  for  a  precise  time  user  to  determine  his  local  clock  error,  he  must  know  the  propaga¬ 
tion  delay  from  the  LORAN-C  transmitter  to  his  receiving  antenna.  For  that,  a  quantitative  measure  of 
the  dispersion  of  the  propagation  media,  is  necessary.  The  difference  between  the  ECD  of  the  received 
ground  wave  (ECD^)  and  the  emitted  wave,  give  this  information. 

The  fluctuations  (in  s)  of  ECDc  and  ECD*  are  presented  as  a  function  of  time  on  the  upper 

and  the  lower  part  of  the  fig.  n°  10. 

The  mean  value  <^ECD©V  is  equal  to  2,6  +  l^/Us.  The  ECD  measured  in  the  neighbourhood  of  the 

emitter  is  6.3  +  0,1  ylLs.  That  leads  to  an  ECD  difference  of  3.7  Ads  for  a  distance  of  514  km  (190  km 

for  sea  propagation  and  324  km  for  earth  propagation). 

The  <CECDc'/'-  measured  for  days  during  No'r,  and  Dec.  1978  fluctuate  around  2.6  +  2  J>X  s. 

The  ^  KCD«T^  measured  during  Nov.  1979  and  May  1980  fluctuate  around  3.5  +  2  giving  2.8 Jfo 

for  ECD  difference.  For  me,  this  discrepancy  could  be  due  to  the  change  of  transmitter. 

Using  the  parametric  curves  giving  the  secondary  phase  ■erection  factor  as  a  function  of  dis¬ 
tance  and  conductivity  (Potts,  C.,  1972),  we  obtain  2 ylAs.  This  value  according  to  3.14/Jia  (1978)  and 
2,8  ^Ks  (1980)  is  rather  good  on  account  of  the  approximation  done  on  the  sea  (55*  =  5  m  hos/m)  and  on 
the  earth  conductivity  (  ^5  -  0.005  mhos/m).  The  variations  of  ECD^  are  given  but  not  discussed. 

8.  CONCLUSIONS 

Our  results  on  the  height  of  the  D  layer  are  in  agreement  with  the  values  given  in  the  lit- 
rature  (Rawer,  K. ,  1973),  We  intend  to  improve  the  form  of  the  received  ground  wave  to  reduce  the  thres¬ 
hold  of  the  reflected  wave  detection  by  taking  diversion  into  account. 

Continuous  and  automatic  processing  will  give  throughover  the  year 

-  the  profile  of  the  D  layer 

-  an  evaluu  on  of  dispersion  (E.C.D.  ) 

1  o 
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CONSIDERATIONS  SUR  LA  ZONI:  DE  SERVICE  D’UN 
EMETTEUR  DH  RADIODIFFUSION  PUISSANT  FN  ONDKS  KILOMETRIQUES 


J.Fonteyne 

T.D.F.,  21  -27  rue  Barbes 
13. P.  No.518 

92542  Montrouge,  Oedcx 
France 


P  RE  SEN  TAT I ON 

La  France  est  1 ' un  des  pays  les  mieux  desservis  en  r ad iod i f f u b ion  dans  la  bande 
k  ilom4tr  iqu-a  •  En  effet,  4  4metteura  fonctionnant  dans  cette  bande  sont  reguR  s 

ALLOUIS,  4metteur  de  In  radiodiffusion  nationale  (164  kHz,  2  000  kW, 
programme  France  Inter  de  Radio  France), 

+  DRO I TWITCH  BBC  200  kHz  )  3  mV/m  &  Paris 

+  DONEBACH  155  kHz 

+  TIPAZA  ALG  254  kHz 

SAARLOUIS,  en  Sarre  R FA  (182  kHz,  2  000  kW,  programme  Europe  1,) 

RADIO  MONTE  CARLO  (218  kHz,  1  400  kW)  et  enfin, 

RADIO  LUXEMBOURG  a  Marnach  (236  kHz,  2  000  kW) . 

Aussi,  l 'on  s*est  trfes  t6t  pr4occup4  de  la  quality  de  la  desserte,  surtout  pour 
l'4metteur  d'ALLOUIS  car  le  but  de  cet  ^etteur  a  toujours  4t4  la  desserte  de  tout 
le  territoire. 

Cette  recherche  des  conditions  d'ecouts  et  de  1 ’ am4 1 ior a t ion  du  confort  passe  par 
1 1 4t«blissement  de  cartes  de  zones  de  couverture  (contours  de  champ),  par  l'4tude 
d  '  un  diagramme  de  rayonnement.  favorable,  et  le  controle  de  ce  diagramme,  la  deter¬ 
mination  de  l'effet  d'une  interference  entre  l'onde  de  boI  et  l'onde  ionosphe- 
rique,  ainsi  que  la  recherche  et  1  * e 1 im J. na t ion  des  perturbations  radio41ectr iques , 
en  liaison  avec  une  r 4g lemen t at  ion  antiparasite  adequate. 

DETERMINATION  DES  COURBES  DE  CHAMP 

11  n'est  pas  toujours  ais4  de  determiner  les  courbeB  de  champ  d 1 un  4metteur,  et  la 
superficie  couverte  eat  telle  que  l'o'i  ne  peut  faire  des  mesures  dans  tous  les 
1  ieux  habi t4s . 

Les  courbeB  de  champ  montr4es  ici  (figure  1)  pour  l'4metteur  d'ALLOUIS  sont  le  r4- 
sultat  de  2  000  mesures  environ,  sur  72  axes  partant  du  centre  emetteur,  et  4loi- 
gnd*es  r'  •  10  km  environ.  De  plus,  de  nombreuses  mesures  compl4men t a i r es  ont  4t4  ef- 
fectu^  i,  soit  qu'eHee  cor r esponda lent  h  des  axes  d'autres  4metteurs,  soit 
qu'elles  semblaient  n4cessairee  pour  confirmer  des  mesures  ou  pour  pr4ciser  1«  va- 
leur  du  champ  dans  des  zones  habit4es.  Toutes  ces  mesures  sont  des  mesures  d'onde 
de  sol.  En  particulier,  toutes  les  mesures  en  des  points  4loign4s  de  plus  de 
400  km  de  l'4metteur  ont  4te  effectu4es  en  dehors  des  p4riodcs  hivernales  et  dang 
des  conditions  d'horaires  strictes. 

On  pourrait  en  determiner  la  conductivit4  du  sol  pour  la  frequence  en  question 
(164  kHz)  . 


DIAGRAMME  DE  RAYONNEMENT 

L ' excentr icit4  -  I4gere  -  du  centre  emetteur  d'ALLOUIS,  mais  surtout  la  diffe¬ 
rence  de  conductivit4  du  sol  entre  le  nord  (plaines  g4tt4ralement  riches  et  culti- 
vables)  et  le  sud  (avec  en  particulier  le  Massif  Central,  les  Alpes  et  les 
Pyr4n4es)  ont  incit4  les  responsables  &  moduler  I4g4rement  la  puissance  apparente 
rayonn4e  de  I'emetteur. 

L'antenne  eat  constitute  de  2  pylones,  dans  1 'axe  Noid-Sud,  et  eloign4s  de  457  m 
(soit  /4)  .  Sur  chaque  pylone ,  de  350  m  de  haut  ,  la  dernitre  couronne  de  haubans 
ne  comporte  aucun  isolateur .  Les  autres  haubans  n'ont  d'isolateu1  s  qu'au  niveau  du 
pyldne  et  au  sol.  L'4tude  en  a  4t6  ef fectute  dans  le  but  de  permettre  l'4coulement 
des  charges  statiques  et  de  prot4ger  les  autres  couronnes  de  haubans  contre  les 
coups  de  foudre  (Lacharnay,  1  97  5)  . 


Pour  faciliter  1 '  al  iment  at  ion ,  un  seul  pylone  est  actif,  et  l'autre  eat  refertnt  a 
la  base  sur  une  capacity.  Le  diagramme  de  rayonnement  horizontal  (figure  2) ,  qui 
est  &  comparer  avec  la  zone  de  couverture  pr4sente  bien  un  maximum  aosez  large 
vers  le  sud. 

Le  diegramme  vertical  dans  l'axe  des  pyldnes  (figure  3)  montre  bien  gue  le  rayon- 
nement  d'un  pylone  ainsi  realise  s'apparente  h  celui  d’un  simple  pylSne  quart 
d'onde  alimente  a  la  base. 

Ces  mesures  de  d.tagramme  par  h4licopfc4re  sont  effectu6es  sy  s  1 6m  a  t  i  quemen  t  par  TDF  , 
pour  tous  les  6metteurs  du  re3eau  principal,  que  ce  so i t  en  radiodiffusion  ou  en 
t4l4vision,  a  l'aide  d'un  4quipement  embarqu4  compcenant  un  mini-ocdinateur ,  Les 
diverses  donn^es  (champ  pour  1  a  5  frequences,  donn^eB  de  position)  sont  enregis- 
tr^es  sur  bande  magnet ique ,  ce  qui  permet  de  tracer  d4s  la  fin  du  vol  le  diagramme 
mesur4  (Massucci,  1  979). 


EFFETS  DE  LA  REFLEXION  10N0SPHERI QUE 


Au-del^  d'une  cercaine  distance,  la  mesure  du  champ  doit  Stre  effectu4e  avec  pre¬ 
caution,  car  d4s  la  tomb4e  du  jour,  et  meme  toute  la  journ4e  en  hiver  ,  1 1  influence 
de  l'onde  ionosph4r ique  est  loin  d'etre  n£gligeable  (figure  4) .  Elle  se  manifeste 
par  une  augmentation  importante  du  champ,  accompagn4e  d'une  variation  lente  du  ni¬ 
veau.  Mais  les  recepteurs  s  •  acccmmoden t  bien  d'une  telle  reception,  car  les  varia¬ 
tion  sont  lentes  et  la  CAG  a  largement  le  temps  de  reagir.  Par  contre ,  la  r4- 
flexion  ionosph er i que  entraine  aussi  une  augmentation  du  niveau  dee  4metteurs  par- 
taqeant  le  canal.  Si  la  situation  d'Allouis  sur  ce  plan  la  est  tr4s  bonne  (voir  le 
tableau  I),  il  n'en  est  pas  de  meme  des  aufcres  &metteurs  qui  desservent  la  France. 
C'est  ainsi  que  la  couverture  nocturne  confortable  de  Europe  1  4tait  ascur4e  avec 
un  champ  minimal  de  100  mV/m  jusqu'a  ce  que  1 'on  ait  pu  trouver  un  partoge  en  fre¬ 
quence  plus  favorable.  Europe  1  a  185  kHz  et  Oranienb  h  179  kHz. 

La  tsr  ansmodulat  ion  ionosph6r i que  figure  parmi  les  effete  les  plus  importants  et 
les  plus  nnisibles  de  la  reflexion  ionosph 4r i que . 

Deux  zones  de  genes  dues  a  la  transmodulation  limitent  actuollement  le  service  en 
bande  k i loffle t i ique  en  France  :  la  Bretagne  ou  Europe  1  (et  aussi,  dans  une  moindre 
mesure,  Luxembourg)  subissent  une  transmodulation  due  a  Allouis,  et  le  midi  de  la 
France  ou  Allouib  subit  une  transmodulation  de  la  part  de  Radio  Monte  Carlo. 

Dans  ce  cas  particulier,  le  taux  de  transmodulation  depasse  par  moments  ( en  au- 
tonine,  en  fin  d ' apr 4s -m id  i  )  10%  a  30  0  kHz,  ce  qui  correspond  a  une  quality 

totalement  inex pio i t ah le . 


TABLEAU  I 

Rmetteurs  par^ageu.,  lm  regus  en  B.  km  en  France 


ALLOUIS 

1  6  4  kHz 

SAA  '.,OUIS 

1  ft  '  k  H  s 

MONTE  CARLO 

218  kHz 

LUXEMBOURG 

236  kHz 

Tach  ken  t 

Or  an  ienbourg 

Oslo 

Kich i n  iev 

150  kw,  5200  km 

750  kW,  6  00  km 

200  kW,  1750  km 

1 000  kW,  1 700  km 

Ankara 

Baku 

Archangelsk 

1200  kW,  2300  km 

500  kW,  3500  km 

150  kw,  2600  km 

LES  PERTURBATIONS  RADIOELECTRIQUES 


La  bande  kilometrique  est  par t iculierement  sensible  aux  perturbations 
r ad io4lectr iques ,  d'une  part  aux  bruits  naturelj  et  d 'autre  part  aux  parasites 
dits  i  rid  us  t  r  i  e  1  s  .  L '  u  t  i  1  i  s  a  t  ion  intensive  de  cette  bande  en  France  entraine  un 
nombre  impoitant  de  reclamations,  ct  une  recherche  active  dea  appareils  et 
installations  pe r t ur ba t eur s . 

Act ue 1 1 emen t  ,  les  20  a  30  000  reclamations  annuelles  sont  trait4es  par  une 
centaine  d  'agents  regionaux,  qui  recherchent  les  appareils  per t ur ba t eu r s  et  les 
remedes  .  La  bande  kilometrique  est  pa r t icul i er emen t  affect4e  par  les  installations 
4lectriques,  les  appareils  electrom4nager s  et  les  installations  de  r 4cept io n ( vo i r 
le  tableau  IX). 
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Les  appareils  e lec t r om 4 n ag e r a  provoquent  1600  reclamations  par  an  en  bande  kilom4- 
trique,  contre  800  dans  lea  autres  bandes  de  r  ad  iod  i  f  f  uir  ion  ou  t6l4vision,  Ce  sont 
essent  iellement  les  dispositifs  de  command©  a  thyistcra  (variateurs,  gradateurs 
d'4clairage  domestique)  et  les  contacteurs  ou  thermostats  qui  sont  h  l'origine  des 
per tur  bat  ions  . 

Les  installations  electr iques  provoquent  900  reclamations  par  an  en  bande  kilom4- 
trique,  contre  400  dans  les  autres  bandes.  La  encore,  les  dispositifs  de  commande 
et  les  contacteurs  constituent  l'essentiel  des  perturbations. 

Enfin,  les  installations  r4ceptr ices  provoquent  500  reclamations  par  an  en  bande 
kilom4tri que ,  contre  500  dans  l'ensenble  des  autres  bandes.  La  plus  grande  pertur¬ 
bation  provient  dans  ce  cas  d'harmoniques  de  la  frequence  de  balayage  des  r4cep- 
teurs  de  t4l4vision.  C'est  ainsi  que  les  emissions  a  819  lignes  du  premier  r4seau 
de  t4l4vision  correspondent  a  une  frequence  de  balayage  de  20,475  kHz,  et  l'har- 
monique  8  (163,8  kHz)  provoquait  un  battement  genant  avec  Allouis  164  kHz.  L'on  a 

du  d4caler  Allouis  a  163,84  kHz  pour  que  le  battement  soit  moins  genant. 

Le  meme  probleme  se  poBe  avec  l'harmonique  14  du  systeme  a  625  lignes  (218,75  kHz) 
sur  Radio  Monte  Carlo  218  kHz  et  l'harmonique  15  (234,38  kHz)  sur  Radio  Luxembourg 
(2  36  kHz)  . 

11  resulte  de  tout  cela  que  la  France  a  trfes  tot  &t4  obligee  d'instaurer  une  r4- 
glemen tat  ion  a4v4re  pour  les  perturbations  dans  la  bande  k i lom4t r ique  .  La  mise  en 
harmonie  avec  les  autres  pays  de  la  CEE  (Directive  76/889  CEE)  pour  les  appareils 
domestiques  et  les  outils  portatifs  a  entraine  une  augmentation  du  niveau  admis¬ 
sible  dea  perturbations  rad io4lectr iques  ,  et  done  du  champ  a  prot6ger.  L'augmenta- 
tion  de  4  dB  des  perturbations  > adio41ectr iques  4  150  kHz,  d6ja  adoptee  par  le 
CISPR  (Comit4  International  Special  des  Perturbations  Rad io4lectr iques) ,  et  souie- 
nu  par  certains  pays  de  la  CEE  r4duirait  encore  la  couverture  en  r ad iod i F t us  ion  de 
notre  pays,  et  n'est  done  pas  acceptable. 


CONCLUSION 


L 1 u t i 1 i s a t ion  de  la  bande  kilometrique  pour  la  radiodiffusion  permet  une  couver¬ 
ture  quasi  totale  d 1 un  pays  comme  la  Prance  avec  un  seul  4metteur,  mais  entraine 
aussi  des  contraintes,  en  particulier  la  n4cessit£  de  bien  prot4ger  la  puret4  du 
spectre,  d ' une  part  vis  h  vis  des  6metteura  etrangers ,  d 'autre  part  via  k  vis  des 
perturbations  r ad io4lectr iques  , 

L ' installation  pour  la  desserte  d'un  meme  pays,  de  plusieurs  emetteurs  de  grande 
puissance  en  bande  kilometrique  entraine  cependant  des  tr ansmod ulat ions  ionosph4- 
riquen  inevitables  dont  il  faut  tenir  compte  pour  6viter  une  reduction  trop  impor- 
tante  de  la  zone  de  service. 
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DISCUSSION  EPP  FALL  81  MEETING 
MEDIUM,  LONG,  AND  VERV  LONG  WAVE  PROPAGATION 
(AT  FREQUENCIES  LESS  THAN  3000  KHZ) 


SESSION  4 

PAPFk  :  22.  LF  PROPAGATION  :  AN  OVERVIEW 
AUTHOR  !  4.  S.  Bel  rose 

COM-1ENTER  :  R.  H.  Doherty 

COMMENT  ;  The  one-hop  Loran-C  measurements  in  the  Hawaiian  area  shewed  results  very  similar  to 
the  European  observations.  The  one-hop  Loran-C  measurements  in  the  Aleutians  showed  results 
identical  to  your  Canadian  one*.  During  the  late  1960's  when  we  ran  the  Hands  experimental 
station  in  Boulder,  the  east  coast  to  boulder  measurements  would  show  the  typical  trapezoid 
like  you  see  in  Canada  during  the  summer  months  and  then  we  would  switch  over  to  the  Cos  Chi 

pattern  during  the  winter  months.  We  could  almost  detect  when  this  would  happen  particularly  in 

the  spring  around  21  March.  It  was  not  so  clear  in  the  -fall.  That  o-f  course  doesn't  tell  what 
happens  over  a  solar  cycle,  it  was  only  tor  three  or  tour  years. 

RESPONSE  :  Thank  you  I  guess  that  indicates  a  limitation  to  my  overview,  which  should  have  been 

covered ■ 

PAPER  :  22.  LF  PROPAGATION  :  AN  OVERVIEW 
AUTHOR  :  J.  S.  Bel  rose 
COMMENTER  s  J.  S.  Reagan 

COMMENT  :  The  dit Terence  in  the  diurnal  pattern  ot  VEE  and  LF  phase  between  Canada  arid  Europe 

at  the  same  magnetic  latitude  may  be  explained  by  the  difference  in  the  magneiospheric  electron 

population  above  the  ionosphere  at  the  two  locations  i.  e.  a  difference  in  the  flux  densities 
of  energetic  elertrons  in  the  Van  Allen  radiation  belts.  Due  to  the  existence  ot  the  south 

Atlantic  magnetic  anomaly  between  North  America  and  Europe  the  electron  population  over  North 

America  is  approximately  lOuO  times  higher  than  over  Europe  on  the  same  L-shel 1 .  These 
energetic  electrons  mirror  down  low  in  the  atmosphere  where  they  create  a  "drizzle’'  ionization 
in  the  D-region  that  is  probably  sufficiently  intense  to  effect  sensitive  VL.F  and  LF 
propagation.  The  larger  fluxes  over  North  America  would  result  in  stronger  effects  at  Ottawa, 
for  example,  than  over  an  equivalent  station  in  Europe.  Seasonal  effects  in  the  density  of  the 
neutral  atmosphere  will  effect  the  height  where  these  electrons  are  stopped,  and  hence  the 
height  profile  of  the  ionization  will  vary  with  the  season.  The  electron  population  is  ever 
present  but  varies  in  intensity  as  a  function  of  latitude,  longitude  and  magnetic  activity. 

RESPONSE  :  A  drizzle  from  the  radiation  belts  has  been  the  explanation  of  the  magnetic  storm 
after  effect  for  quite  some  time  Out  the  concept  of  it  going  on  day-after-day  is  something  1 
had  not  entertained.  The  ionization  densities  due  to  tins  "drizzle”  are  undoubtedly  small, 
although  as  you  say  they  could  be  sufficient  to  affect  LF  phase  and  amplitude,  since  a  marked 
effect  is  not  discernible  in  measured  electron  density  profiles.  The  electron  density  at  say  60 
km  during  the  day  at  x~60°,  is  about  1U2  electrons  over  Thumba,  in  India,  Wallops  Island,  an 
d 

Ottawa,  as  well  as  in  Europe.  The  drizzle  phenomena  however  would  affect  mainly  the  change 
ionization  over  dawn,  which  has  not  been  studied  in  any  detail. 

PAPER  :  22.  LK  PROPAGATION  :  AN  OVERVIEW 
AUTHOR  J  J.  8.  Del i  ose 
QUESTIONER  :  W.  C.  Bain 

QUESTION  :  When  you  were  speaking  of  the  phase  changes  in  European  circuits,  is  it  the  case 
that  besides  the  phase  changes  during  the  day,  there  is  also  a  .ubstantial  phase  change  before 
ground  sunrise? 

RESPONSE  :  "he  changes  before  ground  sunrise  have  been  interpreted  bv  me  as  due  to  an  amplitude 
change  and  a  polarization  change  rather  than  a  height  change.  There  is  however  a  height  change 
in  VLF  propagation  as  observed  by  yourself  and  others  at  16  Hz  over  paths  of  about  600  Km. 

PAPER  j  24.  LOW  FREQUENCY  RADIO  WAVE  PROPAGATION  IN  THE  ATLANTIC  AND  MEDITERRANEAN  AREA 
AUTHOR  :  F.  J.  Kelly 
r OHi ENT F  R  :  J .  3 .  Be I r  os© 

i.  HFMENT  :  In  CCIR  reports  concerned  with  low  frequency  and  very  low  frequency  propagation  the 
i  e«  ommenda t l on  was  made  therein  that  aircraft  data  (Hoi  1  ingwor th  patterns'*  measured  by  flying 
between  transmitters  and  fixed  receivers  in  fact  over-flying  the  receivers  could  provide  useful 
dat*  which  would  help  in  the  interpretation  of  the  fixed  receiver  data  and  the  fixed  receiver 
data  would  also  help  in  providing  a  reference  as  to  whether  or  not  propagation  was  normal  on 
that  day.  Though  that  recommendation  has  been  with  us  for  some  time,  very  few  experiments  have 
been  done.  I  would  like  to  comment  on  measurement  of  phase  with  an  aircr  aft -borne  receivei  .  lr> 
the  measurements  at  30  KHz  that  were  made  in  Canada  we  recorded  pha=e  as  well  as  amplitude,  but 
we  never  got  anything  useful  out  of  the  phase,  because  the  phase  change  with  distance  w a  so 
rapid  that  when  you  subtracted  the  phase  change  due  to  distance  change  you  were  left  with  a 
very  uncertain  residual  which  did  not  change  systemat ical 1 y  wi th  distance. 
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PAPER  :  24.  LOW  FREQUENCY  RADIO  WAVE  PROPAGATION  IN  THE  ATLANTIC  AND  MEDITERRANEAN  AREA 
AUTHOR  :  F.  J.  Kelly 

QUESTIONER  :  W.  C.  Bain 

QUESTION  :  I  suggest  that  it  would  help  in  using  your  data  tor  the  purposes  of  scientific 
research  if  you  could  plot  the  portion  of  the  results  near  to  the  transmitter  in  a  different 
way.  !  would  reccommend  the  use  of  a  linear  instead  of  a  decibel  scale  in  that  region,  possibly 
also  using  (signal  strength  x  distance) 

RESPONSE  I  Thank  you  for  the  suggestion. 

PAPER  :  24.  LOW  FREQUENCY  RADIO  WAVE  PROPAGATION  IN  THE  ATLANTIC  AND  MEDITERRANEAN  AREA 
AUTHOR  :  F.  J.  Kelly 

QUESTIONER  :  T.  B.  Jones 

QUESTION  !  The  agreement  you  obtained  between  the  calculated  and  measured  huJ  strengths  was 
on  the  whole  rather  good.  Did  you  consider  using  more  realistic  D-Region  electron  density 
profiles?  This  could  probably  reproduce  some  of  the  day-to-day  variability  whicl  you  observed. 
RESPONSE  :  We  have  used  several  experimental  profiles,  one  using  a  C-Layer  for  daytime 
comparisons.  For  the  nighttime  comparison  we  used  only  the  model  proposed  by  Berry  and  Herman. 

PAPER  !  25.  MEASURE  OF  THE  ECD  TIME  OF  ARRIVAL,  AMPLITUDE  AND  PIWSE  UE  BOTH  GROUND  AND  SKYWAVES 

OF  LQRAN  C-PUL3ES 
AUTHOR  ;  J.  C.  Leivin 
QUESTIONER  s  J.  S.  Bel  rose 

QUESTION  i  I  spoke  earlier  this  morning  about  the  difficulties  in  separating  ground  and  sky 

waves  i n  C-W  experiments.  Your  work  reveals  that  this  is  also  the  case  for  the  pulsed 

ex  per  irrieri  t . 

In  your  figure  3,  where  you  show  .IT  as  a  function  of  the  time  of  day,  the  variation  is  rather 
trapezoidal.  It  would  be  interesting  to  know  if  this  is  consistent  from  day-to  -day. 

RESPONSE  :  Yes,  it  is.  It  is  sharp  at  sunrise. 

PAPER  :  25.  MEASURE  OF  THE  ECD  TIME  OF  ARRIVAL,  AMPLITUDE  AND  PHASE  OF  BOTH  GROUND  AND  SKYWAVES 
OF  LORAN  C "PULSES 
AUTHOR  :  J.  C.  Leivin 
QUESTIONER  :  J.  Schaefer 

QUESTION  :  Are  you  able  to  deduce  a  real  D-Layer  profile  from  your  measuremen ts  (rather  than 
only  a  certain  reference  height)? 

RESPONSE  i  The  heights  given  by  the  method  proposed  is  one  of  the  parameters  useful  for  clear 
understanding  of  the  D-Layer  of  the  ionosphere. 


1KI 


MEDIUM  FREQUENCE  PROPAGATION  :  A  SUHVSY 
P.  Knight 

British  Broadcasting  Corporation 
Broadcasting  House,  London  W1A  1AA 


SUMMARY 

At  medium  frequencies,  ground  waves  and  sky  waves  ore  both  of  equal  importance.  Ground  waves  provide 
stable  signals  during  the  day,  when  sky  waves  are  •  ik,  At  night  sky  wuvus  propagate  to  considerab] c 
distances  with  very  little  attenuation  but  are  moi  ariable. 

Published  ground-wave  propagation  curves  apply  ti  mid  which  is  Bmooth  and  of  uniform  conductivity,  but 
this  condition  is  rarely  satisfied  in  practice.  The  paper  describes  methods  for  calculating  field 
strengths  along  mixed  land-sea  paths,  over  irregular  terrain  and  through  built-up  areas. 

An  interesting  feature  of  sky-wave  propagation  arises  because  the  Karth's  gyrooiagne tic  frequency  Lies 
within  the  frequency  band  being  considered.  This  gives  line  to  polarisation  coupling  ions,  which  in  of 
cunsidei*able  importance  in  tropical  regions,  and  to  further*  coupling  loss  between  hops  on  multi-hop  paths. 
Enhanced  ionospheric  cross-modulation  also  occurs  at  the  gyroniagnetic  frequency. 

1,  INTRODUCTION 

At  medium  frequencies  (J00  -  5000  kHz,)  ground- wavey  and  sky-waves  are  both  of  equal  importance.  Ground 
waves  are  used  extensively  for  broadcasting  at  the  lower  frequencies  in  the  bmul.  They  provide  stable* 
signals,  especially  during  the  day,  when  sky-waves  are  greatly  attenuated  by  the  jo1.*-  .iunosphere,  At 
night  sky- wav  os  are  able  to  propagate  to  considerable  distances  wi  l.h  very  little  nttenun lion. 

Section  ?  of  the  paper  diocuoaeo  the  practical  aspects  of  ground-wave  prop.'igution.  Propagation  curves, 
such  as  those  published  by  the  COIN,  upply  to  land  which  in  smooth  and  of  uniform  conductivity,  but  tills 
condition  is  rarely  satisfied  J.n  practice.  The  ground  may  be  of  variable  conductivity  and  sections  of 
the  propagation  path  may  be  over  Sea  water,  which  lias  a  much  greater  conductivity  Uuui  dry  land.  A 
method  for  calculating  field  strengths  along  mixed  land-sea  paths  J.n  described  and  the  effect  of  i.rreguJ  ar 
terrain  is  also  considered.  it  is  shown  that  propugat Lon  through  cities  and  built-  up  areas  cun  be 
explained  by  assuming  that  the  ground  bohavou  as  an  inductively- lorded  surface. 

Soction  5  Xu  concerned  with  sky-wave  propagation,  whore  a  transition  between  M  --  Layer  rdMectlon  and 
propagation  via  thu  F  layer  occurs  in  the  frequency  band  being  considered.  At  the  lowest  frequencies  in 
the  band,  waves  aro  reflected  from  the  lower*  uido  of  tin-  1*1  l.*iy or  with  re.lative.ly  littJe  Jons,  because  tliey 
do  not  penetrate  very  deeply  Into  the  layer.  At  higher  frequem*. ins,  sky-waves  may  traverse  the  E  layer 
and  bo  reflected  from  the  P  layer;  their  propagation  then  has.  more  in  common  with  tin*  type  of  propagation 
observed  at  h.f.  An  interesting  feature*  of  «ky-wav<*  propagation  arises  because  the  Earth's  gyroraagnetie 
frequency  lieu  within  the  m.f.  bund.  As  a  consequence,  the  extraordinary  wave.*  of  the  luugneti c- ionic 
theory  is  greatly  attenuated  and  only  the  ordinary  wave  propngaten  cf.fi  e  i  ent  'y . 

2.  GROUND- WAVE  PROPAGATION 

Ground  wavec  propagate  efficiently  between  vortical  untemmu  close  to  the  gruimd.  The  transmission  loss 
between  a  pair  of  untemmu  depends  on  the  ground  conductivity  and  frequency,  on  Earth  curvature  mill  on  the 
roughness  of  the  intervening  terrain.  It  in  also  influenced  by  buildings  and  trees  on  the  propagation 
path.  Before  considering  those  efforts  in  detail,  It  in  instructive  to  consider  propagation  between  two 
elevated  antennas  situated  above  a  plane  earth  and  to  nee  bow  the  Iran  sin. i union  loss  in  modified  when  the 
frequency  decreases  arid  when  the  antennas  a»*e  clem*  to  Uie  ground. 

2.L.  Propagation  over  a  plane  earth 

Fig.  L  shows  two  antennas  A  and  B  uiluuled  above  a  uniform  plunc  earth.  Suppose  that  A  radiate  a  wave  ol’ 
either  polarisation.  If  the  distance?  AP  it:  'luPficicXilly  great,  the  wave  incident  at  P  is  indistinguishable 
from  a  plane  wave,  mid  the  Freund  pLsjio-wavo  refii.*otion  ooelTi  cion  to  iiuiy  bo  used  to  calouJalo  the  reflected 
wave  field  strength.  The  voltage  induced  in  ,'intenna  B  b.y  the  direct  mid  ground- re  fl  ec  led  waves  is  11  ion 
given  by 

V  •  (U 

where  1  in  the  current  in  antenna  A,  l£,  lb  mid  ^  arc  oonstnnls  mid  H  is  the  appropri  ate  rof  I  (*ction  cu- 
effi  :iont,  provided  the  dlsUinco  between  the  antennas  is  large  compared  with  the  wavelength  A.  The  eonstmits 
Qj  and  take  account  of  the  vortical  radiation  patterns  of  the  /uitonnau,  mid  k  -  Pk/A. 

Before  proceeding  further,  lh(  I'efleo  Lien  ineohmi.l  sm  must  be  considered.  Antenna  A  induces  currents  in  the 
ground;  if  the  ground  bohavou  as  a  conductor  the  current  is  :i.  conduction  current  and  if  it  behaves  as  a 
dielectric  the  current  is  a  displacement  current.  Re --radial i on  by  these  currents  generates  the  reflet  Led 

wave. 

A  useful  concept  in  that  of  the  first  I'YcsiicI  zone  on  the  ground.  This  In  mi  ellJptlcaL  area  nliown  in  Pig. 

I  which  contains  the  optical  rcfLectlou  point  P.  Contributions  I'rom  Un*  boundary  of  the  zone  Lag  b<*hiiul 
the  contribution  from  P  by  IH0°.  Contributions  from  within  the  r.nue  re  -in  force  each  other,  but  contributions 
from  pninto  outside  the  /.one  differ  widely  in  phase  .md  tend  to  mined  .  Thus  the  contributions  from  wllhln 
the  zone  ax*u  mainly  ruuponuible  for  the  reflected  wave,  find  the  ni/.c  of  the  /.one  therefore  intluence»  the 
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strength  oi*  the  reflected  wave. 

When  both  antennas  arc  at  a  finite  distance  from  P  the  area  of  the  zone  is  slightly  less  than  it  would  bo 
if  one  of  the  antennas  were  at  infinity.  If  the  reduction  in  area  exceeds,  say,  10%, the  reflectad-wavc 
term  in  Equation  (l)  will  be  in  error.  In  practice  it  transpires  that  Equation  (l)  is  nearly  always  valid 
at  u.h.f,  and  v.h.f.,  frequently  at  h.f.  but  seldom  at  m.f.  and  l.f. 

When  the  use  of  Equation  (l)  is  not  justified  u  correction  term  ir.sy  be  added  us  follows 
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space  wave 

The  direct  and  reflected  waves  are  together  known  as  the  apace  wave.  The  correction  is  callud  thu  surface 
wave  because  it  in  the  only  term  which  remains  when  both  antennas  ore  very  close  to  the  ground. 

The  factor  S  in  Equation  (2)  is  a  complicated  function  of  the  ground  constants,  polarisation  and  antenna 
positions.  its  derivation,  first  given  by  SOMMMMSI.D  (1909),  is  complicated  but  Sommerfeld  s  iormulao 
have  been  arranged  in  a  convenient  form  by  N0HT0N  (1936,57).  A  more  detailed  discussion  «  given  by 
JORDAN  and  BALMAIN  (1968). 


When  both  antennas  are  very  close  to  the  ground,  ip  <  ~  o-  ^1 
and  horizontal  pai  urination.  Equation  (2)  then  simplifies  to 
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where  r  is  distance  between  the  antennas.  It  can  be  shown  from  Norton's  equations  that  B  diminishes  very 
rapidly  with  increasing  distance  with  horizontal  polarisation  but  not  with  vertical  polarisation.  Horizon 
ally-polarised  surface  waves  Buffer  ouch  rapid  attenuation  that  they  used  not  be  conuidcrud  further. 


At  1  f  and  m.f.,  the  use  of  elevated  transmitting  aerials  is  impracticable  beoauss  the  wavelength  is  of 
thu  order  of  1  km.  Vertical  aorialu  erocted  on  the  ground  are  efficient  radiators  oi  VDrtlcally-polariBud 
surface  waves,  known  uu  ground  waves.  Those  waves  have  a  vertical.  -  ■  ■  . . 


ler.tric-field  component  H  accompanied 


by  a  smaller  component  Ep  which  acts' in  the  direction  of  propagation  The  wuve  ^so  contains  a  transverue 
magnetic-field  component^  which  is  approximately  equal  to  -EzAlo,  u.ltfn,/ 


frUsp°a;e!Old0f°rntwo  ^e^nsK^o^^.irilreioml^tii.  The' vector  product  of  E,  and  H* 

describes  the  power  flow  in  the  direction  of  propagation.  The  smaller  vector  product  of  Ep  and  li^ 
corresponds  to  a  dewnwurd  flow  of  power  into  the  Earth's  surface  and  accounts  ior  the  attenuation  oi  the 
wavs  which  iu  additional  to  that  due  to  the  inverse  distance  tone.  ihu  attenuation  is  grealr.st  when  the 
ground  is  n  poor  conductor,  and  it  increase's  an  the  froquency  increases. 

The  ground  wave  would  be  attenuated  even  if  the  ground  were  a  pure  dielectric,  becu.se  pi.  would  util  I  be 
finite  and  the  downward  power  flow  would  still  occur.  The  power  entering  the  earth  would  not  be  dissipated, 

however,  but  would  propagate  downwards  without  loss.  With  u  pure  dielectric,  l'!z  ahd  Ep  would  be  in  phase 

and  the  wavefront  above  the  Earth's  surface  would  bu  tilted  downwards. 

x„  a  further  simplification  (NOHTON  19}6, 37, 1911 ) ,  the  «»>uXub  of  Ku  in  expronood  in  the  form 

300  ,|r‘ 

E  -=  - — -  A  (4) 


where  A  is  coiled  the  ground-wave  attenuation  factor  and  X>  is  the  eacUsted  power.  Equation  (4) 
the  field  strength  produced  by  a  short  vertical  aerial  radiating  1  kW|  il  r  is  in  me  -  ,  'Z  / 

and  if  r  ia  in  km,  Ez  iu  in  mV/m.  The  quantity  500  Jp  is  sometimes  culled  the  oyomotivu  iorct. 

Pig, 2  shows  computed  valuos  of  A  expressed  in  terms  of  two  parameters  p  and  h,  called  the  ■Uhior.lcut  distance 
and  phase  constant  respectively.  These  parameters  are  defined  ae  follows 
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where 
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ty  I,,  ,.ho  gr.ha.rt  conductivity  in  15/ m  end  f  is  the  frequency  In  Mils.  F is  the  dielectric  constant. 

To  illustrate  the  application  oi  Norton’s  method,  it  in  used  here  to  calculate  the  field  strength  at  a 

or  I  q  km  from  a  short  vertical  aerial  radiating  IUkW  at  IMIls,  nssum.ng  the  ground  conductivity  to 
he  JO~2  13/m  arid  tin  dielectric  constant  equal  to  111. 

The  eymomotl  ,e  fore.e  with  which  the  aerial  radiates  is  J00  ,[lU.  In  the  absence  of  ground  wave  attenuation 
(I.,./  wi(,h  a  perfectly  conducting  earth;,  the  field  strength  at  T;  kw  would  he  Alt)  ,|  H)/l  )  -  (>,.l  mV/m. 
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For  the  stated  ground  constants,  er  =  10  and  x  =  180.  Equations  (5),  (6)  and  (7)  give  p«0.74  and 
ba31°.  The  ground-wave  attenuation  factor  given  by  Fig. 2  is  0.51.  The  actual  field  strength  is 
therefore  63. 1  x  0.51  =  32  mV/m  or  90  cLB  relative  to  1  pV/m. 

2.2.  The  effect  of  Earth  curvature 

Although  the  theory  which  has  been  described  above  assumes  that  the  Earth  is  flat,  thiB  does  not  give  rise 
to  serious  errors  at  m.f.  for  distances  less  than  100  km.  At  greater  distances,  however,  Earth  curvature 
increases  ground-wave  attenuation. 

The  formal  solution  for  propagation  over  a  spherical  Earth  was  first  derived  by  VAN  DER  POL  and  BRIMMER 
(1937)  and  is  extrenely  complicated.  However  Norton  has  again  presented  the  result  in  a  form  which  can 
be  readily  applied;  full  details  are  given  in  NORTON  (1941). 

In  applying  Norton's  method  a  factor  which  has  to  be  considered  is  the  effective  radius  of  curvature  of 
the  Earth.  At  v.h.f.  and  uji.f. ,  the  effect  of  atmospheric  refraction  can  be  taken  into  account  by 
assuming  that  the  Earth  has  an  effective  radius  which  is  1.33  times  the  true  radius.  At  very  low 
frequencies,  however,  the  thickness  of  the  atmosphere  is  small  compared  with  ths  wavelength  and  it  has  no 
significant  effect;  at  these  frequencies,  therefore,  the  true  radius  must  be  assumed.  At  l.f.  and  m.f. 
the  atmosphere  has  some  effect  on  ground-wave  propagation  and  it  has  been  shown  (ROTHHKHAM,  1970)  that 
this  can  be  taken  into  account  by  multiplying  the  true  radius  by  frequency-dependent  factors  which  are  less 
than  1.33,  at  1  MHz,  for  example,  the  effective  radius  is  about  1.25  times  the  true  radius. 

In  practical  applications  it  is  more  convenient  to  make  use  of  propagation  curves,  such  as  those  published 
try  the  CCIR  (1974) «  which  have  been  calculated  by  the  methods  described  above. 

2.3.  Mixed-path  propagation 

Published  propagation  curves  are  calculated  on  the  assumption  that  the  ground  conductivity  has  a  uniform 
value  over  the  entire  path.  This  assumption  is  seldom  true  in  practice. 

For  an  all-land  path  with  variable  conductivity,  sufficient  accuracy  can  usually  be  obtained  by  assuming 
a  weighted  mean  conductivity  for  the  whole  path  and  then  using  the  appropriate  propagation  curve.  This 
method  is  not  sufficiently  accurate  for  mixed  land-sea  paths,  however,  because  the  conductivities  of  land 
and  sea  differ  by  a  factor  of  about  10 5. 

The  following  semi-empirical  method  due  to  MILLINGTON  (1949)  is  found  to  give  reliable  results  for  mixed 
paths  and  should  always  be  used  for  mixed  land-sea  paths.  Suppose  that  100  km  of  land  is  followed  by 
50  km  of  sea.  For  the  first  100  km  the  propagation  curve  for  land  must  apply;  for  the  remainder  of  the 
path  the  propagation  curve  for  sea  can  be  moved  downwards  and  joined  to  the  land  curve,  as  shown  in  Fig.  3. 
The  field  strength  at  150  km  is  therefore  represented  by  the  point  Y.  If  the  direction  of  propagation  is 
reversed,  50  km  of  sea  io  followed  by  100  km  of  land.  Use  of  the  sea  curve  for  the  first  50  km,  and  the 
land  curve,  suitably  displaced,  for  the  remainder  of  the  path  gives  a  second  field-strength  value  Y' . 

The  field  strength  should,  however,  be  independent  of  the  direction  of  propagation  because  the  principle 
of  reciprocity  must  apply.  Thus  neither  Y  nor  Y'  is  correct,  but  it  has  been  shown  that  reliable  results 
are  obtained  if  Y  and  Y'  (in  dBs)  are  averaged,  giving  the  value  denoted  by  F  in  Fig.  3. 

Millington's  method  may  be  extended  to  paths  containing  more  than  two  sections  of  different  conductivity, 
by  using  the  appropriate  propagation  curve  for  each  section  of  the  path  in  turn.  As  before,  calculations 
are  performed  for  both  directions  of  propagation  and  then  averaged. 

2.4.  Ground-wave  propagation  through  urban  areas 

It  has  been  found  that  the  attenuation  of  ground  waves  passing  through  urban  areas  cannot  be  described  by 
assuming  that  the  ground  is  equivalent  to  a  poor  conductor.  Furthermore,  it  is  found  that  the  ratio  of 
the  electric  and  magnetic  field  strengths  is  not  equal  to  the  intrinsic  impedance  of  free  space  but  may 
be  somewhat  smaller,  because  currents  flowing  in  all  tvp.  of  vertical  conductors,  such  as  house  wiring 
and  plumbing,  and  even  in  trees,  enhance  the  magnetic  fiolu  cut  tend  to  reduce  the  electric  field 
’ (CAUSEBROOK  1978a). 

Measurements  have  shown  that  the  ground-wave  attenuation  factor  A  does  not  decrease  uniformly  with 
increasing  distance  (as  in  Fig. 2)  but  may  fall  rapidly  to  a  fairly  deep  minimum,  after  which  it  increases 
before  falling  again.  Fig. 4  shows  ground-wave  attenuation  factors  measured  on  a  typical  path  through 
London. 

A  theory  which  describes  m.f.  ground-wave  propagation  through  built-up  areas  has  been  developed  ( CAUSEBROOK 
1978b).  Moderately  built-up  areas,  such  as  residential  suburbs,  are  represented  by  a  randomly-distributed 
array  of  vertical  unipoles,  while  more  densely  built-up  areas,  such  as  city  centres,  are  represented  by  a 
grooved  surface,  the  grooves  corresponding  to  streets.  Both  representations  are  equivalent  to  an  inductive 
ground  plane.  If  the  Sommerf el d-Norton  theory  is  extended  to  this  type  of  surface  it  is  found  that  the 
ground-wave  attenuation  factor,  when  represented  on  the  complex  plane  (see  Fig.4  of  CAUSEBROOK  1978b), 
contains  a  zero  in  the  inductive  region.  If  the  line  representing  a  path  through  a  built-up  area  passes 
near  this  zero,  then  the  theoretical  ground-wave  attenuation  factor  will  vary  in  the  same  way  as  the 
measured  values  shown  in  Fig. 4. 

2.5.  The  effect  of  ground  irregularity 

An  integral-equation  method  for  calculating  ground-wave  attenuation  over  irregular  paths  has  been  described 
(MONTEATH,  1978).  ThiB  method  is  based  on  the  Compensation  Theorem  (MONTEATH,  1951),  which  leads  to  an 
equation  of  the  form 
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Here  G(R)  is  the  complex  ground-wave  attenuation  factor  between  two  antennas  A  and  B  separated  by  irregular 
ground  as  shown  in  Pig. 5;  over  a  plane  earth  the  modulus  of  G(R)  ie  represented  by  the  quantity  A  of 
Equation  (3).  G(r)  is  the  ground-wave  attenuation  factor  for  propagation  between  A  and  an  intermediate 
point  P.  Other  symbols  in  Equation  (8)  not  represented  on  Fig. 5  are  defined  aB  follows: 


X  free-space  wavelength 

t]r  relative  surface  impedance  (MONTEATH,  1973) 

t  the  path  difference  APB-AB 

The  integral  of  Equation  (8)  is  evaluated  numerically.  Ae  thia  requires  a  knowledge  of  G(r)  for  a  number 
of  points  between  A  and  B,  G(R)  must  be  evaluated  initially  for  some  minimum  distance.  The  calculation  is 
then  rep  •  for  twice  this  distance,  using  the  value  just  derived  for  the  intermediate  value  of  G(r). 

The  path  is  then  extended  by  a  further  increment,  with  two  intermediate  valueB  of  G(r),  in  order  to  calculate 
a  third  value  of  G(r),  and  so  on.  The  first  value  of  OCR)  is  calculated  from  one  of  Horton'*  formulae  on 
the  assumption  that  a  uniform  plane  earth  exists  over  the  first  interval.  Experience  with  real  ground 
profiles  has  Bhown  that  intervals  of  2  km  give  adequate  accuracy  at  1  MHz. 


In  addition  to  hills  and  valleys,  the  method  takes  both  Earth  curvature  and  varying  ground  conductivity 
into  account.  Computations  made  ever  idealised  ground  profiles,  for  which  solutions  can  bo  derived  by 
other  means,  have  shown  that  the  method  is  reliable  and  accurate.  Whan  applied  to  real  ground  it  has 
been  found  that  undulations  approaching  one  wavelength  in  height  have  very  little  effect  on  ground-wave 
attenuation.  Much  larger  variations  in  attenuation,  however,  would  be  expected  in  mountainous  areas, 
where  the  terrain  irregularities  may  be  several  wavelengths  high. 


2.  SKY-WAVE  PROPAGATION 


One  of  the  principal  characteristiea  of  the  300  to  3000  kHz  band  is  that  sky  wavea  propagate  efficiently 
at  night  but  are  greatly  attenuated  during  the  day.  The  attenuation  occurs  in  the  lower  part  of  the  E 
layer,  sometimes  known  as  the  I)  region.  At  sunset  the  D  region  decayo  rapidly  and  waves  can  then  be 
reflected  from  the  E  or  P  layers,  with  much  leas  attenuation. 

The  critical  frequency  of  the  normal  E  layer  is  about  1500  kHz  at  sunset  but  it  then  falls  rapidly  as  a 
result  of  electron  -  ion  recombination  and  tends  to  a  value  of  about  500  kHz  late  at  night.  Sky  waves 
may  be  reflected  from  the  E  layer,  or  they  may  penetrate  the  E  layer  and  be  reflected  from  the  F  layer, 
depending  on  the  frequency,  path  length  and  time  of  night.  Simultaneous  reflection  by  both  layerB  is 
also  possible  in  some  circumstances.  Tills  possibility  is  illustrated  in  Fig. 6  where  waves  penetrate 
the  E  layer  at  P  and  y  but  are  reflected  at  S  because  here  the  ungle  of  incidence  ie  greater  than  at  P 
and  Q. 

Although  daytime  propagation  is  relatively  unimportant  it  cannot  be  entirely  disregarded  at  the  upper  end 
of  the  band,  since  ionospheric  attentuation  decreases  with  the  square  of  the  frequency.  Hor  can  it  be 
entirely  disregarded  at  the  lower  end  of  the  band,  where  partial  reflection  from  the  lower  edge  of  the  D 
region  may  occur,  especially  ir.  winter  at  temperate  latitu  ’ee 

As  the  wave  propagates  from  transmit l,.-  to  receiver  it  ..3  subject  to  a  number  of  different  typeB  of  loss 
which  are  illustrated  in  Fig. 7.  Those  losses  are  considered  in  detail  in  the  sections  which  follow.  To 
simplify  the  discussion  it  is  assumed  here  that  all  antennaB  transmit  and  receive  vertical  polarisation 
(VP);  moat  transmitting  antennas  operating  in  the  300  -  5000  kHz  band  radiate  VP  and  the  majority  of 
receiving  antennas  are  more  seneitive  to  the  vertically-polarised  component  of  the  downoomlng  wave  than 
to  the  horizontal  component. 

Some  of  the  losses  described  are  peculiar  tc  the  300  -  3000  kHz  band  because  the  gyromagnoti 0  frequency 
lies  within  this  band.  Enhanced  ionospheric  croes-modulation  also  occurs  at  and  near  to  the  gyromagnetic 
frequency;  this  ie  described  in  Section  3.6. 

3.1.  Ground  loae  at  transmitter  and  receive- 
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The  strength  of  the  transmitted  wave,  and  the  voltage  induced  in  the  receiving  antenna,  are  both  modified 
by  ground  loss,  which  would  be  zero  only  if  the  ground  were  flat  and  perfectly  conducting  in  the  viciuity 
of  the  antennas.  With  imperfectly-conducting  flat  ground  the  Iobb  in  decibels  at  each  terminal  would  be 
given  by 

Lg  =  6-20  log1()  J  1  -  Hy  («  )  |  (9) 

where  (u.}  is  the  Fresnel  plane-wave  reflection  coefficient  for  vertically  polarised  waves  at  the  radiation 
angle  being  considered.  Since  Kv  tends  to  -1  at  grazing  incidence,  the  Iobb  would  tend  to  infinity  at 
very  low  angleB  if  the  Ear'<h  were  flat*  However  the  Iobs  is  modified  by  Earth  curvature  and  has  a  finite 
value  at  grazing  incidence  (WAIT  and  CONDA,  1950).  Wait  and  Co.  da’s  theory  can  be  used  to  estimate  losses 
for  the*  negative  radiation  angles  which  apply  when  waves  diffract  around  the  curvatuie  of  the  Earth,  as 
Bhown  in  Pig.  8. 

The  field- strength  reduction  which  would  occur  if  fiat  perfectly-conducting  ground  were  replaced  by  an 
imperfectly-conducting  curved  Earth  iB  shown  in  Fig. 9,  which  was  calculated  from  Equation  (9)  for  radiation 
angles  above  >°  and  from  Wait  and  Conda’s  theory  for  lower  angles,  assuming  the  radius  of  the  Earth  tu  bo 
increased  by  a  factor  of  1.25  to  allow  for  atmospheric  rjfraction.  Pig. 9  should  be  UBed  in  conjunction 
with  Fig.Q,  which  shown  radiation  angles  for  hop  lengths  up  tc  3000  km. 
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On  single-hop  paths  involving  diffraction  around  the  curvature  of  the  Earth,  it  is  reasonable  to  assume  that 
the  negative  radiation  angles  at  both  ends  of  the  path  are  equal  if  the  ground  conductivities  at  the  two 
terminals  arc  similar.  When  the  conductivities  are  very  different,  however,  this  may  not  be  true  but 
calculations  have  shown  that  the  total  ground  loss  on  such  paths  does  not  depend  critically  on  the  way  in 
which  the  total  diffraction  angle  is  shared  between  the  two  ends  of  the  path.  It  may  therefore  be  assumed 
to  be  equally  divided  between  the  two  ends  and  given  by  Fig, 6(b)  even  when  the  conductivities  are  dissimilar. 

Ground  loss  may  be  defined  as  the  field-strength  reduction  which  occurs  above  a  curved  Earth  when  land 
replaces  sea  water.  Ground  loss  may  therefore  be  derived  from  Fig. 9  by  subtracting  field-strength 
reductions  for  sea  water  from  those  for  ground  of  the  appropriate  conductivity.  The  corresponding 
increase  which  occurs  when  land  is  replaced  by  sea  water  is  known  as  sea  gain.  Fig.  10,  which  shows  the 
sea  gain  which  occurs  at  1  MHz  when  land  having  a  conductivity  of  10  mS/m  is  replaced  by  sea  water,  has 
been  adopted  by  the  COIR  in  a  field-strength  prediction  method  (CCIR,  1978)*  The  increase  will  b«'  doubled 
if  both  terminals  are  near  the  sea.  The  increase  rises  to  a  maximum  when  the  path  length  is  about  °000  km 
because  here  the  one-hop  mode  predominates  and  is  propagated  at  a  very  low  angle.  The  increase  rises  to 
a  further  maximum  at  about  4000  km;  here  the  2- hop  mode  predominates. 

The  full  increase  shown  in  Fig.  10  will  only  apply  if  the  transmitter  or  receiver  is  within  a  few  km  of  the 
sea.  Fig. 11  shows  how  the  field- strength  depends  on  the  actual  distance  from  the  sea  (measured  in  the 

direction  of  propagation)  when  one  terminal  of  a  1500  km  path  is  moved  inland,  assuming  ground  of  average 
conductivity  (lO  mS/m)  and  a  frequency  of  1  MHz.  Fig.il  is  calculated  from  a  formula  derived  by  ANDERSON 
(1965)j  and  the  theory  has  been  confirmed  experimentally  (KNIGHT  and  TH0DAY,  1969). 

Sea  gain  is  also  influenced  by  the  extent  of  the  sea;  for  example,  it  will  be  considerably  reduced  if  the- 
sea  consists  only  of  a  narrow  channel.  This  aspect  has  also  been  studied  by  Anderson  but  the  solution  is 
very  complicated.  An  approximation  to  Anderson's  formula  has  been  derived  (KNIGHT,  1979a)  and  has  been 
adopted  by  the  CCIR  (1978). 

5.2,  Polarisation- coupling  Iobs 

The  gyromagnetic  frequency,  which  depends  on  the  strength  of  the  Earth's  magnetic  field,  varies  between 
600  kHz  in  equatorial  regions  and  1600  kHz  near  the  magnetic  poles.  It  therefore  always  lies  within  the 
band  of  frequencies  being  considered  in  this  paper.  At  the  gyromagnetic  frequency,  the  extraordinary  wave 
of  the  mavuieto-ionic  theory  (UATCLIFFE,  1999)  is  so  greatly  attenuated  that  it  makes  a  negligible  contribu¬ 
tion  to  the  received  signal;  furthermore  the  attenuation  exhibits  a  broad  maximum  centred  on  the  gyromagnetic 
frequency.  As  a  consequence,  the  extraordinary  wave  can  be  disregarded  for  ail  practical  purposes  within 
the  medium- frequency  broadcasting  band  (approximately  950  to  1600  kHz)  and  even  at  5000  kHz  its  rate  of 
attenuation  is  two  or  three  times  greater  than  that  of  the  ordinary  wave.  In  the  discussion  which  follows 
it  will  be  aBBumed  that  the  extraordinary  wave  is  completely  absorbed. 

Conventional  aerialB  radiate  vertically- polarised  waves.  At  m.f,  the  wave  which  is  accepted  by  the 
ionosphere  and  which  propagates  further,  usually  haB  a  different  polarisation  and  may  not  be  excited 
efficiently  by  the  incident  wave.  The  wave  which  emerges  from  the  ionosphere  is  in  general  elliptically 
polarised  and  may  not  excite  the  listener's  receiving  aerial  efficiently,  because  aerials  near  the  ground 
are  moBt  sensitive  to  vertical  polarisation. 

The  fraction  of  the  incident  power  which  is  lost  on  entry  into  the  ionosphere  is  called  the  polarisation 
coupling  loss.  Further  polariaation  coupling  lose  occurs  when  the  wave  which  emerges  from  the  ionosphere 
induces  a  voltage  in  the  receiving  aerial.  The  coupling  losses  which  occur  at  the  two  ends  of  the  path 
are  caused  by  essentially  the  same  mechanism  and  are  unchanged  if  tho  direction  of  propagation  ia  reversed. 

It  has  been  shown  (PHILLIPS  and  KNIGHT,  1965)  that  when  the  transmitting  aerial  radiates  vertical  polarisa¬ 
tion,  the  coupling  lobs  in  decibels  is  given  by 


L  =10  log-. 


cos  1/'  +  M  sin  1/'  j 


where  M  is  the  axial  ratio  of  the  ordinary-wave  polarisation  ellipse  and  if  is  the  angle  by  which  it3  minor 
axis  is  tilted  from  the  horizontal  plane.  Formulae  for  calculating  M  and  if  in  terms  of  frequency,  magnetic- 
dip  latitude,  direction  of  propagation  and  angle  of  incidence  at  the  ionosphere  are  given  by  Phillips  and 
Knight. 


Curves  which  give  polarisation  coupling  louses  at  individual  terminals  are  contained  in  Fig.l?.  Although 
polarisation  coupling  loss  depends  to  some  extent  on  frequency  and  angle  of  incidence  at  the  ionosphere, 

Fig.  12  may  he  used  with  negligible  error  for  all  frequencies  in  the  m.f,  band  and  for  radiation  angles  up 
to  20°  from  the  horizontal.  The  direction  of  propagation  ^  is  defined  in  the  inset;  on  short  pathB  the 
values  of  *  f^r  the  two  terminals  tend  to  be  complimentary  and  the  coupling  losses  tend  to  be  equal.  On 
long  paths,  however,  the  coupling  losses  at  transmitter  and  receiver  must  be  calculated  separately  because 
the  magnetic  dip  latitudes  and  directions  of  propagation  (relative  to  magnetic  north)  at  the  teminals  will, 
in  general,  be  somewhat  different. 

Since  the  major  axis  of  the  elliptically-polarised  ordinary  wave  which  is  accepted  by  < he  ionosphere,  and 
also  that  of  wave  which  emerges,  is  parallel  to  the  direction  of  the  Earth's  magnetic  Held,  polarisation 
coupling  Losses  are  low  in  temperate  latitudes,  because  the  Earth's  magnetic  field  iB  almost  vertical. 

At  the  magnetic  equator,  however,  the  Earth's  field  1b  horizontal  and  polarisation  coupling  losses  on  East- 
West  paths  ■  -c  large. 

In  the  CCIR  field- strength  prediction  method  (CCIR,  1978) *  polarisation  coupling  losses  in  temperate 
latitudes  are  aseumed  to  have  a  fixed  value  of  ldB  at  each  terminal  and  are  included  in  the  general 
propagation  formula.  An  empirical  formula  based  on  Fig.  1?  of  this  paper  is  used  to  calculate  the 
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additional  polarisation  coupling  loss  which  occurs  in  tropical  latitudes. 

3*3.  Ionospheric  absorption 

This  section  considers  first  the  residual  ionospheric  absorption  which  remains  late  at  night  when  solar 
activity  is  low.  It  then  goes  on  to  consider  short  period  and  day-to-day  variation  of  field  strength, 
diurnal  and  seasonal  variations,  and  the  effect  of  solar  activity. 

Because  i,xy  waves  are  so  variable,  field- strength  measurements  made  on  a  single  night  are  of  little  value; 
even  if  measurements  were  made  .-*t  the  same  hour  for  25  consecutive  nights  the  median  field  strength  might 
□till  be  2  dB  in  error.  Asser  meats  of  the  effects  of  interfering  sky-wave  signals  should  always  take 
this  variability  into  account  and  it  is  unrealistic  to  predict  sky-wave  field  strengths  to  fractions  of  a 
decibel. 


3.3.1*  Residual  night-time  abso^ytion 

The  Earth's  magnetic  field  has  two  distinct  effects  on  ionospheric  absorption.  Firstly  it  is  responsible 
for  the  auroral  zones,  regions  centred  on  the  magnetic  poles  where  absorption  losses  are  high.  Distance 
from  the  auroral  zone  is  believed  to  be  of  considerable  importance;  for  example,  ionospheric  louses  in 
North  America  are  known  to  be  greatex’  than  in  Europe  (BARGUAUSEN,  1966).  Secondly  the  rate  of  attenuation 
of  a  wave  in  the  ionosphere  depends  on  the  single  between  itB  direction  of  propagation  and  the  direction  of 
the  Earth's  magnetic  field,  the  rate  of  attenuation  being  least  when  these  two  directions  are  parallel. 

These  two  effects  in  combination  cause  ionospheric  losses  on  north- south  paths  to  be  lass  than  on  east-west 
paths.  Long  north-south  paths  usually  pass  through  equatorial  regions,  where  propagation  tends  to  be 
parallel  to  the  Earth's  field  and  auroral  affects  are  absent.  on  the  other  hand,  east-west  paths  tend 
to  be  transverse  to  the  Earth's  field,  and  some  east-west  paths  (especially  those  acroBB  the  North  Atlantic; 
are  close  to  the  auroral  zone. 

The  way  in  which  ionospheric  loBBeu  would  vary  if  auroral  effects  were  absent  haB  been  studied  by  means  of 
an  extensive  series  of  ray-tracing  computations,  UBing  an  ionospheric  model  assumed  to  be  common  to  ail 
geographical  areas.  (OLVER  et  al  1971).  A  detailed  Btudy  was  made  of  propagation  from  hypothetical 
transmitters  situated  in  Europe  and  Africa.  In  Europe,  ionospheric  losses  were  found  to  be  almost 

independent  of  direction  of  propagation;  this  is  to  be  expected  because  the  Earth's  magnetic  field  is 

almost  vertical.  Losses  on  east-west  paths  in  Europe  and  Africa  were  found  to  be  Bimilar;  tills  is  also 
to  be  expected  because  east-west  propagation  tends  to  be  transverse  to  the  Earth's  magnc-tic  field  at  all 
latitudes. 

Ordinary -wave  losses  computed  for  the  frequency  range  ;KX)  -  1500  kHz  for  single-hop  east  west  paths  are 
shown  by  unbroken  lines  in  Fig.13.  Although  the  losses  decrease  with  increasing  frnquoticy,  the  reduction 
i  13  less  than  might  be  expected,  because  waves  of  higher  frcquencieF  penetrate  more  deeply  into  the 
Ionosphere  and  the  distance  traversed  within  the  ionosphere  is  greater  than  at  lower  frequencies, 

''urioequently  the  variation  of  the  total  loss  with  frequency  is  much  smaller  than  would  otherwise  be  the 

case.  Fig.13  Bhows  that  losses  for  low-angle  modes  tend  to  be  almost  independent  of  hop  length  because 
of  the  very  small  variation  of  the  angle  of  incidence  at  the  ionosphere. 

iropngation  parallel  to  the  Earth's  magnetic  field  was  studied  by  computing  losses  on  single-hop  north- 
oooth  paths  with  reflection  points  above  the  geomagnetic  equator.  Although  most  of  the  computations 
involved,  reflection  over  Africa,  some  additional  computations  were  made  for  other  equatorial  regions  since 
some  dependence  on  the  strength  of  the  Keith's  magnetic  field  was  expected.  The  strength  of  the  Earth's 
field  wan,  however,  found  to  have  negligible  influence  on  the  computed  looses,  which  were  also  found  to  be 
nirnost  indeponuent  of  frequency.  The  results  of  the  computations  for  equatorial  north-south  paths  are 
shown  by  the-  broken  curve  of  Fig.13. 

[«  the  nil-oral  zones,  ionospheric  lur.sei.  are  somewhat  greater  than  there  shown  in  Fig.13.  The  an  rural 
zones  ar  centred  ori  the  magnetic  poles  ;uid  have  an  outer  radius  of  4000  km.  Areas  which  are  affected  by 
increased  losses  include  Canada  ami  tin  northern.  USA,  the  North  Ail  untie  and  the  northern  part  of  the  USSR, 
In  thin  region,  ionospheric!  Louses  -il’c  1  dependent  of  the  direction  of  propagation  because  the  Earth's 
magnetic  field  is  almost  vertical. 

Fir;.  13  docs  not  apply  when  waves  penetrate  the  E  layer  ;md  arc  reflected  by  the  f  layer;  this  is  most 
likely  l.o  occur  at  frequencies  above  l  hOO  kHz.  Outside  the  auroral  zone  the  residual  night-time  absorption 
loss  La  tends  to  be  independent  of  path  azimuth  and  is  given  approx i mod  -ly  by  the  following  seini- empirical 
formuLu  due  to  Vakai  (CCIR  1;B0;: 


7  +  O.U'.'M 

L  ■-*  - —  dB  (11) 

A  10  +  r 

where  d  Ls  the  path  length  in  kin  and  f*  i.s  the  frequency  in  IAHz . 

3,3.?  Short-period  and  day-to-day  variation 

The  ionosphere  is  a  turbulent  medium  and  sky-wave  field  strength  varies  eontinuouoly .  Short  period 
variations,  scouring  within  periods  measured  in  minutes  usually  follow  a  Rayleigh  distribution,  although 
1  Lrgev  variations  may  he  observed  if  two  or  more  prupsigatioii  modes  are  received  simultaneously.  However, 
the  mci i,m  field  strength  measured  during  a  short  period  genera!  I.y  differs  from  that  measured  at  the  same 
lime  ( >ti  the  previous  night  and  it  has  boon  found  that  the  day-  to-day  variation  of  the  median  field  strength 
■if hen  i.i‘"ya  a  distribution  which  resembles  the  log-normal  (KMluilT,  I  • 77; *  The  combined  effect  of  the  short 
period  end  day-to-day  variation  cauii"n  the  instantaneous  field  strength  to  exceed  the  median  value  by  nnre 
Mum  b  dlJ  for  aboul  10^  of  the  total  time,  during  short  periods  centred  on  a  specific  hour,  on  a  series 
■if  nights. 
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5*5* 5 «  Diurnal  variation 

Ionospheric  absorption  is  smallest  and  field  strengths  are  largest  late  at  night.  The  absorption  increases 
rapidly  at  sunrise  and  decreases  from  its  day-time  value  almost  as  rapidly  at  sunset.  Field- strength 
variations  have  been  measured  during  the  sunset  and  sunrise  periods,  and  throughout  the  night,  on  many 
paths  in  different  parts  of  the  world.  The  results  have  been  compared  (KNIGHT, 1977)  and  it  has  been  found 
that  these  variations  are  largely  independent  of  frequency  (within  the  m.f.  broadcasting  band)  and  of  path 
length.  An  average  curve  which  shows  the  additional  absorption  which  occurs  around  Buneet  and  sunrise, 
and  during  the  early  part  of  the  night,  can  therefore  be  drawn;  it  has  been  adopted  by  the  CCIR  and  iB 
reproduced  in  Fig.14  (CCIR, 1978). 

For  single-hop  paths,  the  sunset  and  sunrise  times  of  Fig.14  are  those  observed  at  the  path  mid-point. 

For  multi-hop  paths  the  absorption  variation  is  mainly  controlled  by  the  hop  nearest  to  the  terminal  where 
the  sun  sets  last  or  rises  first,  because  the  remainder  of  the  path  is  then  in  darkness.  Sunset  and  sunrise 
times  for  paths  longer  than  2000  km  are  therefore  taken  at  points  750  km  from  the  appropriate  terminal. 

The  absorption  ivLseB  to  a  maximum  at  about  mid-day  and  Fig.  15  shows  the  corresponding  field- strength 
reduction,  measured  on  a  3^1  km  path  in  Japan  (WAKAI  et  al,  19&9).  Fig. 15  ehowB  the  tendency  for  day-time 
field  strengths  to  be  greater  in  winter  than  in  summer.  Measurements  made  at  Helsinki  of  a  large  number 
of  European  transmissions  have  shown  that  Bky  waves  received  over  single-hop  paths  near  mid-day  in  December 
are  20  to  40  dB  weaker  than  at  night, throughout  the  frequency  range  500  -  1600  kHz  (EBU,  1967). 

3 • 3 • 4 •  Seasonal  variation 

As  described  in  the  previous  section,  there  1b  a  tendency  for  day-time  field  strengths  to  be  greater  In 
winter  than  in  summer.  At  night  there  is  a  tendency  for  field- strength  maxima  to  occur  in  spring  and 
autumn,  except  at  vertical  incidence,  when  the  maximum  occurs  in  the  summer.  Considerable  differences 
have  been  observed  from  one  path  to  another;  for  a  more  detailed  discussion  see  KNIGHT  1977* 

3.3*5.  Solar-cycle  variation 

There  is  a  tendency  for  night-time  sky-wave  field  strength  to  decrease  with  increasing  solar  activity. 

The  decrease  seems  to  be  most  pronounced  in  North  America,  where  reductions  of  more  than  6  dli  have  been 
observed  on  typical  paths  at  the  peak  of  the  solar  cycle  (BARGHAUSEN  and  LILLIE,  1965).  Gnialler  reductions 
have  been  observed  in  Europe  and  Aurtalia.  In  tropical  regions,  there  is  unlikely  to  bo  any  appreciable 
field- strength  n-duction  because  ionospheric  absorption  at  night  is  relatively  small. 

Regression  analysis  indicates  that  the  field- strength  reduction  is  proportionable  both  to  Bunspot  number 
R  and  to  the  path  length  p,  and  can  be  represented  by  the  forauJ  a 

Lr  =  10~ZbpR  dB  (12) 

where  p  is  in  km  and  b  is  a  constant  which  depends  on  geographic  location.  According  to  the  CCIR,  b  =  4 
for  North  America,  1  for  Europe  and  Australia  and  0  elsewhuro  (CCIR,  1978). 

There  is  very  little  information  about  the  effect  of  solar  activity  on  daytime  propagation  although 
measurements  made  in  India  at  1500  ki'z  show  field  strengths  decreasing  with  increasing  solar  activity  (as 
at  night)  because  of  greater  ionospheric  absorption(SATYANAllAYANA  GAEMA  et  al ,  1970). 

3.4*  Intermediate  reflection  loss 

Intermediate  reflection  loss  occurs  between  hops  on  uiulti-hop  paths  und  is  clooely  related  to  polar! cation 
coupling  loss.  It  occurs  for  the  same  reason,  i.e.  because  the  extraordinary  wave  in  almost  completely 
absorbed  and  only  the  ordinary  wave  propagates 

The  mechanism  is  illustrated  in  Fig.16.  When  the  elliptically-polariaed  downcoming  wave  is  reflected  at 
the  ground  its  strength  is  reduced  and  its  polarisation  (Pi)  is  modified.  The  new  polarisation  will 
not  necessarily  match  the  polarisation  which  the  ionosphere  would  like  to  accept  for  onward  propagation 
of  the  ordinary  wave.  The  intermediate  reflection  Iobb  is  the  sum  of  the  ground  reflection  lusu  and  the 
coupling  loss  between  the  polarisations  P;i  and  P^5  these  two  losses  cannot  be  considered  separately. 

There  are  three  situations  in  which  the  Iobb  may  be  large: 

1 .  In  temperate  latitudes  when  the  duwr.coming  wave  iB  incident  at  the  Brewster  angle,  because  the 
ordinary  wave  is  essentially  vertically  polarised. 

2.  For  cast-west  propagation  with  sea  reflection  at  45°  dip  latitude,  when  the  ordinary  wave  re  enters 
the  ionosphere  as  the  extraordinary  wave  and  in  absorbed. 

3.  For  north-south  propagation  with  sea  reflection  at  the  magnetic  equator,  when  the  ordinary  wave  in 
again  converted  into  the  extraordinary  wove  and  absorbed. 

Intermediate  reflection  loss  is,  in  general,  non- reciprocal ,  i.e.  its  value  changes  if  the  direction  of 
propagation  between  two  given  terminals  is  reversed.  The  non- reel pro cal  effect  is  most  apparent  when  waves 
arc  reflected  from  land  at  angles  near  the  Brewster  angle,  waveB  propagating  towards  the  west  suffering 
the  greater  loss.  WaveB  reflected  from  the  sea,  however,  have  similar  Iobbrh  in  both  directions  of 
propagation. 

A  general  formula  for  intermediate  reflection  loss  is  derived  in  PHILLIPS  and  KNIGHT.  (1964).  This  ions 
is  a  function  of  a  Large  number  of  variables  and  should,  ideally,  always  bo  computed.  To  enable  losses  to 

be  estimated  from  curves,  however,  the  following  simplifying  assumptions  have  been  made  elsewhere  (KNIGHT, 


1975*): 


X.  The  dip  latitude  and  direction  of  propagation  at  the  points  where  the  wave  leaven  the  iononphere, 
and  re-enters  after  reflection,  are  the  same  ag  the  value  at  the  Earth  reflection  point,  except  on 
north-south  paths  near  the  equator,  where  an  allowance  has  been  made  for  the  change  in  dip  latitude. 

2.  The  frequency  is  approximately  equal  to  the  gyromagnetic  frequency. 

5.  The  angle  of  incidence  at  the  ionosphere  is  80°;  this  angle  1h  approximately  correct  for  hop  lengths 
greater  than  1000  km. 

4.  The  reflection  coefficient  for  horizontally-polarised  radiation  is  -  1.0. 

Pig, 17  ehows  intermediate  reflection  losses,  computed  with  these  assumptions,  for  five  directions  of 
propagation  relative  to  magnetic  north  and  for  a  rango  of  dip  latitudes.  The  curves  are  plotted  as  a 
function  of  a(cr/F)*  where  a  1b  the  radiation  angle  in  degrees,  1b  the  ground  conductivity  in  mS/"-  and 
P  is  the  frequency  in  Mi  z.  Because  of  the  simplifying  assumptions,  Pig.  17  should  not  be  used  fo  values 
of  a  greater  than  10°. 

The  theory  described  abeve  makes  no  allowance  for  Earth  curvature,  which  would  be  expecteu  to  have  a 
significant  effect  when  a  ie  less  than  2°,  Although  the  effect  of  Earth  curvature  on  intermediate  reflec¬ 
tion  loss  has  not  yet  been  studied,  it  is  posBible  that,  at  grazing  incidence,  the  loss  may  tend  to  a  value 
of  about  6  dB  under  all  circumstances,  Although  greater  losses  would  bo  incurred  with  negative  radiation 
angles  because  of  diffraction,  multi-hop  paths  involving  negative  radiation  angles  are  unlikely  to  contribute 
significantly  to  received  signalB. 

3,9*  Fiold-utrangth  calculation 

So  many  factors  arc  involved  in  m.f.  sky  wave  propagation  that  it  is  difficult  to  draw  a  universal  set  of 
propagation  curvoo,  A  number  of  methods  can  be  used  to  calculate  field  strengths  nnd  to  construct 
propagation  curves  for  particular  areas,  and  directions  of  propagation. 

In  the  wave-hop  method  (KNIGHT, 1979b)  each  propagation  mode  ia  considered  separately.  The  free- space  field 
strength  is  augmented  by  convergence  gain  (BHAULEY ,1978)  and  the  louses  described  in  Sections  3.1  to  3*4 
are  then  subtracted.  Since  the  various  modeB  arriving  at  the  receiver  uro  randomly  phased,  they  are 
added  on  a  power  basis.  The  result  gives  the  estimated  median  field  strength  fur  lute  at  night  at  periods 
when  solar  activity  i3  least.  Corrections  must  be  applied  to  derive  field  strengths  fur  other  tirneo  of 
day  and  for  periods  of  greater  solar  activity,  and  to  estimate  the  values  exceeded  for  various  percentage 
limes. 

The  wave-hop  method  is  too  complicated  and  time  consuming  for  planning  purposes  mid  a  simpler  method  has 
therefore  been  adopted  by  the  CCIH  (COIR  197b).  Tills  iu  based  on  a  propagation  formula  derived  from 
measurements  made  in  the  USSR  (CrUK,1972)  which  has  been  found  to  be  reasonably  consistent  with  measurement)  1 
made  oiuuwhore,  Corrections  aro  applied  for  polarisation  coup Ling  Lush  and  sea  gain,  extending  the 
validity  of  the  formula  to  tropical  regions  nnd  coastal  areas.  Corrections  are  also  applied  for  diurnal 
variation  and  solar  activity. 

3.6  Ionospheric  cross-modulation 

Another  foaturo  of  m.f.  propagation  which  is  affected  by  the  Earth's  magnetic  field  in  ionospheric  cross- 
uiodulation.  When  the  rogion  of  the  ionosphere  traversed  by  u  sky-wave  is  strongly  illuminated  by  a  liigh- 
power  disturbing  transmitter,  the  audio- frequency  modulation  of  the  Latter  may  be  superimposed  on  the 
carrier  of  the  former  and  cause  interference.  This  crons- -modulation,  aiuo  known  as  the  Luxembourg  effect, 
iu  caused  by  a  non- linear  process  in  the  ionosphere.  The  moehfinlwn  has  been  fully  described  by  HUXLEY  und 
RATCLIFFS  (1949).  Briefly,  the  disturbing  transmitter  varies  the  00 L Liu ion  frequency  of  the  ionosphere  in 
step  with  its  modulation  and  this,  In  turn,  varies  the  attenuation  suffered  by  the  traversing  wave,  leading 
to  cross-modulation. 

1 0110 Spheric  cross-modulation*  i a  mainly  confined  to  the  l.f.  und  m.f.  broadcasting  bunds,  and  the  high-power 
transmitters  which  ore  in  common  uso  today  may  cause  serious  interference  to  nky-wavo  broadcasting  service).. 
Because  of  tho  large  numbers  of  transmitters  in  these  bonds,  ionospheric  cross-muduiufci on  is  difficult  to 
distinguish  from  cn -eh  Hnn  el  Interference*  nnd  even  more  difficult  to  measure.  Numerous  measurement  it  have, 
however,  been  made  in  the  past  when  these  bands  wore  less  congested. 

The  depth  of  tho  transferred  modulation  depends  both  on  the  modulation  depth  of  the  disturbing  transmit  li>r 
nnd  on  the  strength  of  the  disturbing  wave  at  the  base  of  the  ionosphere.  To  enable  measurements  to  be 
compared  they  must  first  be  standardised  by  calculating  thu  cross-modulation  which  would  have  boon  obuoi'ved 
if  the  disturbing  l  ransmi  tier  had  radiated  with  certain  sped  find  shame  Leri  sties . 

Ill  a  comparison  of  all  known  measurements  (KNIGHT,  1973J*  estimates  were  made  of  the  crons-  modulation  levels 
which  would  have  boon  observed  had  the  disturbing  tronsini t tors  radiated  from  short  vertical  aerials  with  a 
power  of  100  k V  and  be.  n  modulated  at  300  Hz  to  a  depth  of  U($>.  This  relatively  low  power  was  adopted  as 
a  reference  because  many  of  the  measurements  were  made  with  powers  of  thiia  order, 

l*'ig,  1H  shows  the  result  of  thio  comparison}  full  details  oro  given  in  the  reference.  Tho  horizontal 
frequency  scaLe  is  normalised  to  the  gyromagnetic  frequency  l,lM  because  cross-modulation  risen  to  a  maximum 
.  t  the  gyromagnetic  frequency,  the  width  of  the  maximum  depending  on  the  collision  frequency  at  tho  height 
where  cross-modulation  takes  place.  If  the  Earth's  magnetic  field  weru  absent,  crons  modulation  would 
decrease  approximately  ao  l/F-^,  where  Fjj  in  the  frequency  of  the  disturbing  transmit  lor. 

The  enhanced  cross-modulation  near  the  gyromagnetic  frequency  is  a  direct  result  of  the  high  rate  of 
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attenuation  of  the  extraordinary  wave  generated  by  the  disturbing  transmitter.  As  a  re  suit  an  appreciable 
fraction  of  the  radiated  power  is  dissipated  in  a  relatively  small  volume,  causing  electron  heating  and  a 
significant  increase  in  collision  frequency.  This  in  turn  greatly  increase u  the  attenuation  of  waveo 
traversing  the  same  region  of  the  ionosphere  and  is  responsible  for  tho  increased  cross  modulation. 

4.  THE  COMBINED  EFFECT  OF  GROUND  WAVES  AND  SKY  WAVES 

At  m.f,  the  ground  wave  and  sky  wave  can  be  considered  separately  because  the  distance  between  the  ground 
and  the  ionosphere  ia  several  hundred  wavelengths.  Interference  between  the  two  waveo,  however,  does  have 
to  be  considered.  In  some  situations  the  ground  wave  predominates  and  at  other  times  the  sky  wave  is 
stronger. 


During  the  day,  Bky-wave  propagation  is  relatively  unimportant  and  ground  waves  provide  stable  signals. 
They  are  therefore  widely  used  for  broadcasting.  For  example  a  100  kW  transmitter  can  provide  a  good 
service  out  to  a  radius  of  100  km  and  a  satisfactory  service  at  twiae  this  distance.  At  night,  however, 
the  servioe  is  limited  by  sky-wave  interference.  The  sky-waves  may  be  generated  by  the  oame  transmitter 
or  they  may  originate  from  distant  transmitters  using  the  same;  frequency. 

Although  sky  waves  generated  by  the  same  transmitter  carry  the  same  modulation  as  the  ground  wave,  it  is 
□lightly  delayed  in  time  and  this  gives  rise  to  unacceptable  distortion  if  the  two  waves  are  of  comparable 
amplitude.  The  distortion  can  be  tolerated,  however,  if  the  ground  wave  is  at  least  10  dB  stronger  than 
the  sky  wave.  With  a  simple  transmitting  antenna  this  reduoes  the  rodluB  of  the  servi<  <»  area  to  about 
00  km  at  night,  regardless  of  the  transmitter  power.  Gome  increase  in  thiB  radius  can  be  achieved  by  tho 
use  of  apeoially  deoignod  transmitting  antennas  whioh  minimise  high-angle  radiation  and  so  reduce  tho  sky- 
wave  field  strength  at  the  edge  of  the  service  area,  but  this  is  seldom  worthwhile  today  because  of  the 
great  increase  in  the  number  of  transmitters  sharing  the  same  frequency.  Since  these  oo- channel  trmia- 
mitters  usually  radiate  different  programme  material,  careful  planning  iu  required  to  protect  ground-wave 
Kervj.ce  areas  from  harmful  sky-wave  interference.  Ideally,  high-  power  transmitters  sharing  a  common 
frequency  should  be  separated  by  at  least  1000  km. 

Sky  waves  can  be  used  to  supplement  ground  waves  at  night,  using  a  separate  t ran ami  salon  on  a  different 
frequency,  or  they  may  be  used  to  serve  areas  whioh  are  much  larger  than  can  be  oovered  by  ground  waves. 
Bky  waves  oan  propagate  to  considerable  distances.  For  example,  European  broadcasting  transmitters  have 
been  regularly  observed  in  southern  Afrioa  and  both  North  and  Gouth  Amorloa, 
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ABSTRACT 

Results  from  a  detailed  analysis  of  one  year  of  previously  published  field  strength  measurements, 
taken  during  high  solar  activity  in  1947-48  at  Ottawa  on  the  1020  kHz  KDKA  Pittsburg  emissions,  show 
that  the  strength  of  the  night-time  skywave  is  controlled  by  absorption  from  two  apparently  unrelated 
geophysical  effects.  One  of  these  is  the  magnetic -storm  and  post-storm  effect  and  the  other  is  the 
winter  anomaly  effect.  The  former  effect  was  dominant  throughout  the  year  and  was  the  only  factor 
controlling  the  field  strength  during  the  March  through  September  period.  The  two-monthly  median 
field  strength  for  this  period  showed  a  smooth  decrease  with  increased  magnetic  activity,  from  5 
to  19  dB  relative  to  an  experimentally  determined  unabsorbed  value.  The  latter  effect  was  present 
sporadically  during  the  October  through  February  period.  The  reduction  in  field  strength  due  to 
the  winter  anomaly  alone  was  from  6  to  11  dB. 


1  .0  INTRODUCTION 

It  is  well  known  that  at  the  higher  geomagnetic  latitudes  the  solar  cycle  has  a  considerable 
Influence  on  the  strength  of  the  night-time  MF  skywave.  Long-term  skywave  field  strength  measurements, 
made  at  night  in  the  550-1600  kHz  broadcast  band,  show  the  annual  median  field  strength  to  be 
highest  at  sunspot  minimum  (Oamelln,  1971;  Wang,  1977).  The  geomagnetic  storm  activity  is  then 
also  at  a  minimum.  This  activity  increases  with  increasing  solar  activity  and  as  a  result  the  annual 
median  field  strengths  then  decrease  because  of  magnetic-storm-associated  ionospheric  (D-region) 
absorption.  However,  while  field  strengths  are  highest  at  sunspot  minimum,  there  is  evidence  that 
at  other  times  the  field  strengths  are  more  closely  related  to  magnetic  activity  than  to  the  mean 
sunspot  number  (Barghausen  and  Lillie,  1965).  One  of  the  factors  that  control  MF  field  strength 
at  night  is  therefore  likely  to  be  the  magnetic-activity-related  absorption.  Studies  based  on 
vertical  incidence  absorption  measurements  made  during  the  day  on  frequencies  between  1.7  and 
4.0  MHz  show  that  anomalously  high  absorption  occurs  during  the  winter  months  (Davies  and  Hagg, 

1954  ;  Beynon  and  Williams,  1976a).  Most  of  this  absorption  was  not  associated  with  magnetic 
activity  and  was  therefore  related  to  the  well-known  winter  anomaly  effect,  first  discovered  by 
Appleton  (Appleton,  1  937).  MF  skywave  field  strength,  measured  nightly  on  1.02  MHz  AM  broadcast 
emissions  during  high  solar  activity,  was  found  to  be  anomalously  low  from  time  to  time  during 
the  winter  tenths  even  during  periods  of  relatively  low  magnetic  activity  (Mather,  194  9).  It  is 
therefore  reasonable  to  suggest  that  such  low  values  of  field  strength  could  be  caused  by 
winter-anomaly-related  absorption  occurring  at  night. 

The  purpose  of  this  paper  is  to  explain  and  determine  quantitatively  the  lactors  that  controlled  the  nightly  field 
strength  on  1 .0  Ml  Iz  over  a  534  km  path  in  North  America,  during  one  year  at  high  solar  activity.  The  paper  is  based 
on  previously  published  field  strength  measurements  that  were  taken  nearly  every  night  at  Ottawa,  Canada,  on  the 
1,02  MHz  KDKA  Pittsburg,  U.S.A.  emissions  (Mather,  19491.  T  he  measurements  were  taken  during  tire  2nd  and  3rd 
hour  after  ground  sunset  relative  to  the  most  western  point  of  the  path.  Tlte  midpoint  of  the  path  was  located 
at  43°  geographic  and  54°  geomagnetic  latitude.  The  measurement  period  was  from  May  1st,  1947  through  April  30th, 
I94H.  The  mean  sunspot  number  for  the  period  was  146.1.  Because  of  the  ''cry  solid  data  base  which  contained 
measurements  for  361  nights  out  of  366,  it  has  been  possible  to  determine  that  there  were  two  types  of  absorption 
effects  which  contributed  to  the  reduction  of  the  night-time  field  strength. 

2.0  ANALYSIS  AND  RESULTS 
2.1  Approach  to  the  Analysis 

A  somewhat  unorthodox  approach  to  the  analysis  was  required  in  order  to  explain  and  determine 
quantitatively  the  factors  that  control  the  strength  of  night-time  MF  skywave.  After  evaluating 
some  preliminary  test  results,  it  became  clear  that  it  would  be  necessary  to: 

a)  determine  an  experimental  median  unabsorbed  field  strength  from  which  a 
quantitative  estimate  of  the  absorption  could  then  be  mede; 

b)  separate  the  months  October  through  February  from  the  remaining  7  months 
in  the  analysis  because  these  months  showed  evidence  of  absorption  that 
was  not  related  to  magnetic  activity; 

c)  divide  the  data  into  2-month  periods  because  the  estimated  error  was  deemed 
too  large  (up  to  +  7  dB)  in  the  monthly  median  field  strength; 

d)  develop  a  method  for  relating  skywave  field  strength  to  magnetic  activity 
which  is  superior  to  that  using  the  mean  Kp  sum. 
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That  the  steps  under  b)  c)  and  d)  were  neces.,,  y  is  to  some  extent  illustrated  in  Figure  1 
where  the  monthly  median  field  strength  and  the  e  vresponding  mean  Kp  sum  are  plotted  for  the 
12  months  of  data.  For  this  data,  the  error  was  estimated  by  multiplying  the  quartile  range, 

Q.R.,  by  \T2y N  where  N  is  the  number  of  observations.  Note  that  the  median  field  strength  for 
January  is  16  to  17  dB  lower  than  that  for  May,  June  or  July  even  though  the  magnetic  activity, 
as  indicated  by  the  mean  Kp  sum,  was  lower  in  January  than  in  the  summer.  The  monthly  mean 
sunspot  numbers  are  also  shown  on  the  figure  and  appear  unrelated  to  median  field  strength  and 
mean  Kp  sum.  That  the  relationship  between  monthly  median  field  strength  and  the  corresponding 
mean  Kp  sum  is  not  v^ry  close  is  clearly  illustrated  in  Figure  2.  One  of  the  reasons  for  this 
is  that  the  mean  Kp  sum  can  be  a  poor  indicator  of  both  the  number  and  severity  of  the  magnetic 
storms  in  a  given  month.  For  example,  in  Figure  2  the  field  strength  for  March  1948  is  8  dB 
lower  than  that  for  June  1947,  yet  according  to  the  mean  Kp  sum  the  magnetic  activity  was 
lower  in  March  than  in  June.  If  days  having  Kp  sums  ^29-  are  defined  as  magnetically  disturbed, 
then  there  were  5  such  days  in  March  with  daily  Kp  sums  of  55+,  37  ,  37  ,  37  and  33-.  In  June 
there  were  only  3  such  days  with  Kp  sums  of  42 ,  35  and  32-.  Theragnetic  storm  activity  was 
therefore  greater  in  March  than  in  June,  although  the  mean  Kp  sums  for  these  months  indicated 
the  opposite.  Thus  the  mean  Kp  sum  is  not  a  very  useful  parameter  for  relating  median  MF 
skywave  field  strength  to  geomagnetic  storm  activity  and  will  not  be  used  in  this  analysis. 

An  additional  reason  for  the  poor  correlation  shown  in  Figure  2  is  that  anomalous  absorption, 
which  was  not  related  to  geomagnetic  activity,  occurred  sporadically  during  the  October  through 
February  period.  Evidence  that  such  absorption  occurred  will  be  developed  in  the  next  two 
subsections. 

2.2  Determining  the  Experimental  Median  Unabsorbed  Field  Strength 

As  mentioned  under  a)  ip  sub-section  2.1,  a  va.ue  for  median  unabsorbed  field  strengtli  was 
required.  The  first  step  was  to  exclude,  as  far  as  possible,  nightly  measurements  affected  by 
absorption  related  to  nagnetic  storm  and  post-storm  effects.  These  effects  are  illustrated  in 
Figure  3  where  the  nightly  field  strength  and  the  daily  Kp  sums  are  compared  for  the  period 
January  30th  -  February  29th,  1948.  There  were  three  minor  storms  in  this  period,  the  first 
on  February  3rd,  the  second  on  the  15th  -  16th  and  the  third  on  the  23rd.  The  maximum  daily 
Kp  sums  for  these  storms  were  32+,  31+  and  290  respectively.  In  all  three  cases,  the  maximum 
absorption,  as  evidenced  by  the  maximum  reduction  in  field  strength,  occurred  from  I  to  3  days 
after  the  storm  peaked,  which,  for  the  February  15th  -  15th  and  23rd  storms  was  -40  dB  down 
relative  to  the  pre-storm  values.  Studies  using  D-region  electron  density  profiles  and  satellite 
particle  data  have  shown  precipitating  energetic  particles  to  be  the  dominant  source  in  contributing 
to  the  Increased  D-region  electron  density  and  hence  to  the  absorption  that  occurs  during  the 
post-storm  period  (Larsen  et  al.,  1  976;  Montbriand  and  Belrose,  1976). 

The  following  stringent  criteria  were  used  for  excluding  data  likely  to  be  affected  by  magnetic 
storm  and  post-storm  effects: 

a)  a  daily  (24  hour)  Kp  sum  of  >29-  was  defined  as  magnetically  disturbed;  nightly 
measurements  then  taken  were  excluded,  (a  lower  value  than  29-  would  have  been 
more  effective  for  excluding  these  effects,  but  the  number  of  data  points 
remaining  would  then  have  been  too  few  to  be  statistically  significant); 

b)  measurements  taken  the  night  before  the  Kp  sum  rose  to  >29-  were  also  excluded 
if  this  sum  was  >20+;  this  was  a  precaution  against  Including  a  partially 
disturbed  day  that  could  have  affected  the  measurement ; 

c)  the  post-storm  effects  were  reduced,  if  not  completely  eliminated,  by  excluding 
measurements  for  a  9  day  period  after  the  Kp  sum  had  fallen  below  29-;  the  one 
exception  to  this  rule  was  for  the  very  large  nagnetic  storm  which  peaked  on 
March  15th,  1948  (daily  Kp  sin  of  55+)  for  which  the  post-storm  effects  appeared 
to  last  for  16  days;  these  were  therefore  excluded. 

Apart  from  the  exception  under  c)  above,  a  selected  period  began  on  the  10th  night  after  the 
Kp  sum  had  fallen  below  29-  provided  the  period  contained  at  least  10  consecutive  nights  of 
measurements  for  which  the  daily  Kp  sum  did  not  exceed  28+.  The  periods,  separated  into  summer 
and  winter,  are  listed  in  Table  I  below.  For  the  purpose  of  this  study,  sunnier  is  defined  as 
April  through  August  and  winter  as  October  through  February. 


TABLE  I 


Sunnier: 

Winter: 

May  1 

to  May  1  2,  1947 

Oct. 

29  to  Nov. 

7,  1947 

June 

27  to  July  16,  1947 

Nov . 

21  to  Dec. 

4,  1947 

April 

1  to  April  20,  1948 

Dec . 

19  to  Jan. 

1,  1948 

Jan. 

18  to  Feb. 

2,  1948 

The  median  field  strength  for  combined  summer  and  winter  periods,  as  well  as  for  summer  alone  and 
winter  alone  is  listed  in  Table  II  below. 
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TABLE  II 


Combined  summer  and  winter  period 
Summer  period  alone 
Winter  period  alone 


Total  Nights 
105 

52 

53 


Med  'an 

Field  Strength 
_ ( d  B>1 y V/m ) 

55.6  dB 

59.2  dB 

49.8  dB 


(q.R.)\T27N 

2.3  dB 

2.4  dB 
3.2  dB 


Since  the  median  value  for  the  winter  period  is  9.4  dB  lower  than  that  for  the  sunnier,  a  type 
of  absorption  which  does  not  appear  to  be  related  to  magnetic  storm  and  post-storm  effects  occurred  during 
the  winter.  The  median  value  of  59.2  dB  >1  pV/m  obtained  for  the  summer  period  is  therefore  selected 
to  represent  the  experimental  unabsorbed  median  field  strength.  This  value  will  hereinafter  be 
referred  to  as  the  EUM. 

The  nightly  field  strength  for  the  periods  in  Table  II  have  been  sorted  into  cells  of  5  dB  and 
plotted  individually  as  normalized  distributions  in  Figures  4a,  b  and  c.  The  distribution  for  the 
combined  summer  and  winter  period  in  Figure  4a  shows  a  major  peak  in  the  percentage  occurrence  centered 
at  55  dB  and  a  minor  at  38  dB.  The  distribution  for  the  winter  period  in  Fiqure  4b  is  similar,  except 
that  the  two  peaks,  separated  by  about  15-17  dB,  have  an  almost  equal  percentage  occurrence.  Thu 
peak  centered  at  about  38  dB  >1  pV/m  is  uniquely  a  winter  phenomenon  because  the  distribution  for  the 
summer  period  In  Figure  4c  shows  only  a  single  peak,  centered  at  about  58  dB  >1  nV/m. 

2.3  Methods  for  Relating  Median  MF  Field  Strength  to  Geomagnetic  Activity 

In  this  subsection  all  of  the  field  strength  data  obtained  throughout  the  year  (361  nights)  are 
included  in  the  analysis.  For  reasons  mentioned  under  subsection  2.1,  the  data  have  been  divided 
into  two-month  periods  and  the  five  months  October  through  February  separated  from  the  remaining 
seven  months  in  the  analysis.  For  the  sake  of  brevity  the  latter  months  (May  through  September  1947 
and  March  -  April  1948)  will  hereinafter  be  referred  to  as  March  through  September. 

2.3.1  First  Method 

By  making  an  arbitrary  assumption  that  days  having  Kp  sums  of  >360.  are  definitely  disturbed 
magnetically,  it  is  possible  to  show  that  the  two-monthly  median  values  of  field  strength,  computed 
from  the  March  through  September  data,  decrease  linearly  with  an  increase  in  the  percentage  of  such 
days.  This  is  shown  In  Figure  5,  where  a  straight  line  has  been  drawn  through  the  median  values 
which  fit  the  line  within  1  dB  or  better.  The  EUM  value  is  indicated  at  the  top  left  by  a  circle. 

The  two-monthly  median  values,  computed  from  the  October  through  February  data,  are  lower  by  4  to 
9  dB  relative  to  the  straight  line.  Evidently  additional  absorption,  which  was  not  related  to 
definitely  disturbed  days,  occurred  during  the  October  through  February  period. 

While  Figure  5  shows  that  field  strength  and  magnetic  storm  activity  are  closely  related  during 
the  March  through  September  period,  two  main  objections  can  be  raised  against  this  method  of  analysis, 

The  first  objection  is  that  equal  weight  is  given  to  all  values  of  Kp  sums  >360.  Magnetic-storm  and 
post-stonn-rel ated  absorption  effects  are  likely  to  be  greater  for  days  with  Kp  sums  of  say  40Q  to  60n 
than  for  days  with  360,  The  second  objection  is  that  the  method  excludes  days  with  Kp  sums  <36-, 
Magnetic-storm  and  post -storm-re 'ated  absorption  effects  may  also  occur  for  days  with  Kp  sums  of, 
say  29-  to  36-,  albeit  to  a  lessor  extent. 

2.3.2  Second  Method 

This  method  which  largely  overcomes  the  two  objections  discussed  above,  is  based  on  the  mean 
of  the  6  most  magnet ical ly-active  days  in  a  two-month  period,  as  defined  by  their  daily  Kp  sums. 

This  method  Wu-  chosen  because  preliminary  tests  showed  that  the  mean  of  the  5,  6  or  7  most 
rnagrietlcal ly-active  days  all  gave  a  remarkably  close  fit  to  the  two-monthly  median  field  strength, 
computed  from  the  March  through  September  data.  For  <5  or  >7  such  days  the  fit  deteriorated.  The 
main  objection  that  can  be  raised  here  is  that  the  method  is  empirical,  i .e.  it  was  selected  because 
it  gave  a  close  fit  to  the  March  through  September  field  strength  data,  but  more  serious  objections 
can  be  raised  against  methods  based  on  tire  mean  Kp  sum  or  on  the  percentage  or  days  the  daily  Kp 
sum  was  >a  certain  value. 

A  plot  of  two-monthly  median  field  strength  versus  the  mean  of  the  6  most  magnetically-active 
days,  as  determined  from  their  daily  Kp  sums,  is  shown  in  Figure  6.  A  smooth  curve  has  been  drawn 
through  the  2-monthly  median  values  computed  from  the  March  through  September  data,  terminating 
on  the  left  at  the  EUM  value.  These  values  fit  the  curve  to  within  a  fraction  of  1  dB.  The  values 
computed  from  the  October  through  February  data  are  lower  by  6  to  11  dB  relative  to  those  indicated 
by  a  smooth  curve.  This  difference  represents  a  quantitative  estimate  of  absorpti.  that  does  not 
appear  related  to  geomagnetic  activity  and  is  evidence  that  winter  ar'imaly  absorption  occurred  at 
night,  from  October  194  7  through  February  1948,  on  the  1.02  MHz  KDKA  Fittsburgh-Ottawa  path. 

(for  the  sake  of  brevity,  winter  anomaly  absorption  will  hereinafter  be  referred  to  as  WAA) . 
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2.4  Additional  Evidence  of  WAA 

It  is  known  that  post-storm  effects  have  a  seasonal  variation  and  that  these  effects  are  largest 
during  the  winter  season  (Belrose  and  Thomas,  1968).  One  can  therefore  argue  that  the  anomalously 
low  field  strengths  observed  during  the  October  through  february  period  were  simply  due  to  enhanced 
post-storm  effects.  However,  results  presented  earlier  in  subsection  2.2  that  were  based  on  data 
from  which  most,  if  not  all,  post-storm  effects  had  been  excluded,  showed  the  field  strengths  to  be 
9-10  dB  lower  in  the  winter  relative  to  those  in  the  summer. 

That  absorption  related  to  magnetic  storm  and  post-storm  effects  was  not  the  only  factor 
controll  ing  MF  field  strength  at  night  in  the  winter  is  illustrated  in  Figure  7.  Here  the  nightly 
field  strength  for  the  two  27  day  periods  November  23  -  December  19  (indicated  by  dots)  and  December 
21  -  January  16  (indicated  by  crosses)  are  compared  against  each  other  and  against  the  daily  Kp  sum. 
Note  that  the  daily  Kp  sums  are  remarkably  similar  for  both  periods.  A  relatively  minor  storm 
occurred  on  December  6  (Kp  sum  330)  and  again  27  days  later  on  January  3  (Kp  sum  35+) .  Two  of  the 
five  pre-storm  nights  prior  to  the  December  6  storm  (December  2  and  4)  show  low  values  of  field 
strength,  whereas  all  five  nights  prior  to  the  January  3  storm  (December  29  -  January  2)  show  low 
values.  The  field  strengths  during  the  post-storm  period  January  4-7,  related  to  the  latter  storm, 
were  25  -  30  dB  lower  than  those  during  the  post-storm  period  December  7-10,  related  to  the  December 
6th  storm.  This  difference  in  field  strength  is  likely  due  to  high  WAA  being  present  throughout  the 
pre-  and  post-storm  periods  December  28  -  January  7,  but  not  throughout  the  pre-  and  post-storm  periods 
December  1-10. 

High  WAA  is  also  the  likely  reason  for  the  six  lowest  values  of  field  strength  in  the  November 
23rd  -  December  19th  period,  which  occurred  on  the  nights  of  November  28th,  29,  December  2nd,  4th, 

15th  and  19th.  These  values  were  6  to  27  dB  lower  than  those  that  occurred  on  the  storm  and  post¬ 
storm  nights  of  December  6th,  7th,  8th  and  9th.  Thus  it  appears  that  WAA  can  occur  independently  of 
storm  and  post-storm  effects. 


3.0  DISCUSSION 

While  the  winter  anomaly  has  been  studied  intensively  by  many  workers,  using  groundbased  as 
well  as  rocket-  and  satellite-borne  measurements,  the  primary  reason  for  this  anomaly  is  by  no  means 
fully  understood.  Recent  studies  show  that  the  anomaly  nay  be  caused  mainly,  if  not  exclusively, 
by  "meteorological"  effects  that  occur  at  D-region  levels  and  below,  i.e.  winds,  temperature 
perturbations  and  related  changes  in  the  D-region  constituents  which  produce  electron  density 
enhancements  within  the  region  (Offerman,  1979).  However,  the  physical  processes  involved  continue 
to  be  uncertain.  Results  presented  in  the  previous  sections  show  that  WAA  can  also  occur  at  night, 

In  the  absence  of  sunlight,  during  the  October  through  February  period.  A  study  of  2.0  MHz 
absorption  data,  recorded  during  the  day  at  Prince  Rupert,  B.C.,  for  the  period  April  1949  through 
March  1950  (mean  sunspot  number  124)  showed  that  WAA  occurred,  in  this  case  also,  during  the 
October  through  February  period  (Davies  and  Hagg,  1954).  The  magnitude  of  the  WAA  in  the  Prince 
Rupert  case  was  10-15  dB,  whereas  that  estimated  for  the  1  .02  MHz  Pittsburg  to  Ottawa  path  was 
6  -  11  dB. 

From  the  evidence  presented  in  subsection  2.4  it  appears  that  WAA  can  at  times  occur  without 
being  in  any  way  related  to  storm  and  post-storm  effects.  This  suggests  that  WAA  can  also  occur  in 
the  absence  of  precipitating  energetic  particles.  However,  it  is  possible  that  there  may  have  been 
some  contribution  to  the  WAA  by  a  weak  background  "drizzle"  of  precipitating  particles  associated 
with  very  minor  magnetic  disturbances,  too  small  to  be  classified  as  "storms".  Nevertheless,  such 
precipitation,  if  it  occurred,  is  unlikely  to  have  been  the  dominant  factor  responsible  for  the 
observed  WAA. 

The  measurements  on  which  this  paper  is  based  were  obtained  between  the  2nd  and  3rd  hour  after 
ground  sunset.  The  high  absorption  observed  during  the  post-storm  periods  (see  Figure  3)  was 
undoubtly  related  to  enhancements  in  D-region  electron  density  that  were  present  after  sunset. 

Such  enhancements  are  known  to  develop  quickly  at  dawn,  disappear  slowly  after  sunset  and  persist 
only  weakly  throughout  the  night  (Belrose  and  Thomas,  1968;  Belrose,  1972).  Electron  density  profiles, 
based  on  rocket  measurements  made  on  days  when  WAA  was  present,  show  enhancements  between  75-90  km 
with  a  maximum  at  the  80-83  km  level  (Beynon  and  Williams,  1976b).  Such  enhancements  may  also 
persist  for  some  time  after  sunset  and  are  the  likely  reason  why  WAA  was  observed  at  2-3  hours  after 
ground  sunset  on  the  1.02  MHz  Pittsburg  to  Ottawa  path. 


4.0  SUMMARY 

A  detailed  analysis  of  one  year  of  night-time  field  strength  measurements,  made  during  high  solar  ac¬ 
tivity  at  Ottawa  on  the  1.02  MHz  KDKA  Pittsburg  emissions,  has  yielded  the  following  results: 

The  two-monthly  median  field  strengths  showed  reductions  of  up  to  19  dB  relative  to  an 
experimentally  determined  unabsorbed  value.  The  absorption  responsible  for  this  reduction  was 
associated  with  two  apparently  unrelated  geophysical  effects: 

a)  the  nagnetic  storm  and  post-storm  effect; 

b)  the  winter  anonaly  effect. 

The  absorption  associated  with  the  effect  under  a)  was  the  dominant  factor  in  reducing  the  median 
field  strength.  For  the  months  May  through  September  1  947  and  March  -  April  1948  it  was  this  factor 
alone  that  controlled  the  skywave  field  strength.  The  two-monthly  median  field  strength  for  these 


months  showed  a  smooth  decrease  with  increased  magnetic  activity,  from  5  to  19  dB  relative  to  the 
experimentally  determined  unabsorbed  value. 

The  absorption  associated  with  the  effect  under  b)  occurred  sporadically  during  the  October 
through  February  period.  The  reduction  in  the  two-monthly  median  field  strength  due  to  this  effect 
alone  was  from  6  to  11.0  dB. 
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11  guru  4.  Normalized  distributions  of  field  strength  for  Indicated  data  periods 
(listed  In  Tables  1  and  11}  for  which  most  of  the  magnetic-storm  and 
post-storm  effects  have  been  excluded, 
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figure  b.  Two-monthly  median  field  strength  based  on  the  May  1947  through  April 
1948  data,  plotted  against  the  percentage  of  days  Kp  sum  l360.  Median 
values  based  on  the  March  through  September  data  decrease  linearly 
with  increasing  percentage  of  such  days.  Median  values  based  on  the 
October  through  February  data  are  lower  by  4  to  10  dB  relative  to 
the  straight  line.  The  >vper1nientai  median  unabsorbed  value  is 
indicated  by  HIM. 
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MEAN  OF  THE  6  HIGHEST  DAILY  Kp  SUMS 

Figure  6.  Two-monthly  median  field  strength  based  on  the  May  194  7  through  April 
19411  data,  plotted  against  the  mean  of  the  6  highest,  daily  Kp  sums. 

The  smooth  curve  drawn  through  the  median  values  based  on  the  March 
through  September  data  fit  these  values  to  within  a  fraction  of  1  dll. 
The  median  values  tased  on  the  October  through  February  data  are  lower 
by  G  to  11  dll  relative  to  those  indicated  by  the  smooth  curve. 
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Figure  7.  Nightly  field  strength  for  the  two  77  day  periods  November  23rd  - 
December  19th  (indicated  by  dots)  and  December  21st  -  January  16th 
(indicated  by  crosses)  are  compared  against  each  other  and  against 
the  dally  Kp  sum.  Although  the  Kp  sums  are  remarkably  similar  for 
both  periods,  the  field  strength  Is  generally  lower  for  the  December 
71st  -  January  16th  period,  this  is  likely  due  to  higher  WAA  in 
this  period. 


IF 


30-1 


ON  THE  DISTORTIONS  OE  THE  MODULATED  RADIOWAVES  IN  THE  IONOSPHERE 

by 

M.Cutolo,  S.Eeliziuni  and  E.Moriconi 
Islitulo  di  Eisica,  University  of  Llari,  Bari,  Italy 
Istituto  di  Matcmaticu,  University  of  Cumcrino.  Italy 
Centro  Studi  di  Radiupropaguzionc,  University.  Naples 


ABSTRACT 


During  tlie  years  1*>57,  ld.SH  ami  1  75'J  many  experiments  were  made  by  one  of  ns 
(M.C.)  on  the  Phenomenon  railed  “Ionospheric  Self-modulation"  al  oblique  incidence. 

The  Transmitter  was  Radio  Ab'N  I'rankl'url  (872  kll/,.  150  kW)  that  emitted  its  own 
carrier  at  1 50,  1 00  and  50  kW.  at  (>()%  of  modulation.  The  frequency  of  modulation  varied 
from  30  11/  to  5000  1 1/.  Each  frequency  of  modulation  was  emitted  for  two  consecutive 
minutes,  f  or  the  first  minute  the  powei  was  150  kW  and  for  the  second  50  kW  and  viccvcrsa. 

The  receiving  Station  was  located  in  Naples  (Italyl  at  the  Institute  of  Technical  Physics 
of  l he  University  of  Naples.  The  measurements  were  made  with  the  envelope  method.  In  this 
way  we  had  the  envelope  of  the  modulated  wave  on  the  screen  of  an  oscilloscope  linked  to 
the  output  of  the  second  I.E.  of  I  he  reciever. 

During  the  experiments  we.  made  I  1  1 ,273  measurements  of  which  8188  were  affected 
by  sensitive  distortions  due  to  the  Ionosphere.  In  Ibis  paper  we  woik  with  these  distortions. 

As  the  transmissions  were  made  with  different  powers  it  has  been  uasMy  noticed  that 
the  distortions  depend  on  (lie  EMITTED  POWERS.  This  was  clearly  demonstrated  by 
diagrams  and  tables.  The  amplitudes  of  the  first,  .second  and  third  harmonics  change  in 
function  of  the  emitted  power.  This  dependence  is  important  because  il  is  necessary  to 
know  if  the  phenomenon  is  “linear”  or  “non  linear”  to  Imild  a  theory.  Using  the  Vilionskij’s 
equations  il  is  possible  to  calculate  the  modulation  percentages  of  each  harmonic.  We  sue  in 
this  way  that  the  percentages  of. second  and  third  harmonic  are  loo  low  as  regards  to  those  of 
first  harmonic  ami  to  the  emitted  percentage  of  AEN  Frankfort, 

Alter  this  verification  we  hope  to  he  able  to  Imild  a  useful  theory  to  explain  the  reasons 
of  the  distortions  in  our  experiments. 


i.  iNTRODUc  i  iON 

The  passage  of  a  ladiowave  through  the  Ionosphere  often  produces  some  distortions  of  its  own  envelope.  1  .  we 
know  the  mechanism  producing  the  distmlions  of  the  envelope  of  a  radiowave  lias  always  been  the  subject  of  long 
discussions.  Some  people  believe  that  the  distortions  are  due  to  the  interference,  in  the  receiving  antenna,  of  clecto- 
magnetic  rays  that  have  crossed  different  paths  in  the  Ionosphere,  some  others  think  that  the  inbilcroncc  occurs  in 
the  plasma,  some  other  people  believe  instead,  Inal  toe  distortions  are  due  to  non  linear  processes  of  the  same 
Ionosphere. 

To  eliminate  the  above  perplexity  we  have  thought  to  take  advantage  of  the  experiments  organized  try  USA  Air 
Force  to  study  ionospheric  self-modulation  phenomenon.  In  fact,  to  study  the  eventual  dependence  of  this  phenomenon 
on  power.  Radio  AEN  Frankfurt,  that  worked  as  the  transmitter,  made  rapid  variations  of  its  own  electromagnetic  power 
during  its  work. 


11  appears  that  some  distortions  clearly  depend  on  power  and  that  therefore,  they  are  of  a  non  linear  nature. 
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2.  EXPERIMENTAL  METHOD 

A  long  series  of  experiments  was  made  by  C’utolo  ami  collaborators  from  July  1957  to  November  1959  using  as  a 
transmitter,  AEN  Frankfurt  (Federal  Germany).  The  aim  of  these  experiments  was  that  of  studying  the  dependence  of 
Selfmodulatiou  (decrease  or  increase  of  the  percentage  of  modulation  of  a  modulated  radiowave  when  this  prases  through 
the  Ionosphere)  on  the  transmitted  power. 

As  it  is  reported  in  the  article  (1)  the  “knowledge  of  the  dependence  is  necessary  to  build  a  theory  capable  to 
explain  the  mechanism  producing  the  phenomenon.  In  fact  if  the  dependence  occurs  we  can  use  the  interaction  theory; 
on  the  contrary  the  dispersion  of  the  ionized  medium,  the  interference  or  other  phenomena  are  to  be  taken  into 
consideration.  The  importance  of  the  concept  of  non  linearity  in  (he  Ionosphere  is  reported  in  the  quoted  article". 

Radio  Frankfurt  (872  kllz,  ISO  kW)  emitted  its  modulated  carrier  with  different  power  that  is  150  kW,  100  and  50 
kW  and  vieoversa.  The  percentage  of  modulation  was  always  constant  that  is  60%.  The  frequencies  of  modulation  were 
50  llz.  200,  400,  500,  700,  1 1 50,  1.300,  1600  and  3300  Hz. 

Each  frequency  of  modulation  was  emitted  for  two  minutes.  For  the  first  minute  the  power  was  150  kW,  second 
minute  50  kW  and  for  the  third  was  again  150  kW. 

The  receiving  station,  located  in  Naples  at  the  Technical  Institute  of  the  University,  consisted  of  an  antenna  and  a 
super-heterodine  receiver.  The  output  of  the  second  1,1".  was  linked  to  an  oscillograph  to  obtain  the  envelope  of  (lie 
modulated  wave.  A  camera  photographed  the  oscillograms.  The  receiver  was  calibrated  by  an  audiofrequency  generator. 

The  experiments  were  always  made  during  the  night  from  0115  to  0325  T.H.M. 


3.  HARMONIC  ANALYSIS  GRAPHICALLY 

Figure  1  is  an  example  of  the.  distorted  envelope.  To  find  the  harmonics  that  produce  the  distortions  of  the  wave 
envelope  we  used  the  graphic  method.  To  avoid  long  and  laborious  calculations  we  adopted  a  simple  mathematic  diagram 
with  24  ordinates  and  7  constants.  It  is  founded  on  the  llessel  fum  lions  that  give  the  constants  of  Fourier  series. 

This  series  is  the  following: 


y  =  a„  3-  a,  cos  x  3-  a2cos  2x  3'  ,  .  .  .  tip  cos  px 
where  the  constants  a„,  a, ,  a2  ...  I), ,  b2  , .  .  .  are  given  by: 

a„  -  -  iiyg  -(yo-i-yi  + . y,i  i) 


a,  -  —  iiyi,  cos  zxt,  —  (y„cos  zx0  3  y,  cos  z,X|  3-  .  .  .  ) 

u  n 

2  2 

b,  -  5)yk  sin  zxc  -  —  (y„sin  zx„  3-  y,sin  z.x,  I  .  .  .  ) 

n  n 


The  first  analysis  consisted  in  calculating  all  amplitudes  of  the  harmonics  constituting  the  wave. 

The  coordinates  of  each  sampled  phologram  are  registered  on  magnetic  disk  sequentially  and  grouped  in  frequency 
classes.  The  theoretical  curve  suggested  by  the  mathematical  model  at  hand,  is  there  fitted  to  eaeli  series  of  coordinates 
in  order  to  produce  the  first  three  harmonies  ami  their  ratios.  The  result  lias  been  printed  only  if  the  theoretical  curve 
differed  from  the  experimental  curve  for  a  small  error. 


4.  DISCUSSION  OF  l  ilt  RESULTS 

During  the  experiments  NIKS  o  illograms  had  the  envelope  distorted.  The  number  of  Hie  distortions  was  different 
lor  each  frequency  of  modulation.  I  i el i  of  these  was  emitted  for  one  minute.  During  the  minute  we  made  22  measure¬ 
ments  for  each  lrequency  of  modulation.  Figure  1  is  an  example  of  the  distorted  envelope. 

To  understand  the  reasons  of  the  distortions  we  considered  it  opportune  to  calculate  the  amplitudes  of  first,  second 
and  third  harmonics  with  the  method  above  illuslaled.  The  calculation  of  the  amplitudes  of  the  harmonics  were  made 
with  an  opportune  program  with  the  computer. 
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The  number  of  the  distortions  was  different  foreach  frequency  of  modulation.  To  have  (lie  same  statistic  we  made  the 
mean  of  22  measurements  for  the  first,  second  and  third  harmonic  of  each  frequency  of  modulation.  That  is  22  measure¬ 
ments  for  each  harmonic  and  for  power  50  kW  and  for  150  kW. 

Figure  2  is  the  diagram  of  1  harmonic  of  each  frequency  of  modulation  and  for  50  and  1 50  kW.  Each  point  of  the 
diagram  is  the  mean  of  22  measurements. 

Figure  3  is  the  diagram  of  2  harmonics  for  cacti  frequency  of  modulation  for  50  and  1 50  kW.  Figure  4  is  the 
diagram  of  third  harmonic. 

Seeing  the  diagram  of  Figure  2(a)  we  note  that  the  amplitudes  of  first  harmonic  for  each  frequency  of  modulation  is 
smaller  at  150  kW  than  that  at  50  kW,  except  the  frequencies  200  and  1  600  11/  where  the  variation  of  the  amplitude  is 
small  and  it  lias  an  opposite  behaviour.  Figure  3  gives  the  behaviour  of  second  harmonic.  We  see  that  the  variation  of  the 
amplitudes  arc  larger  and  more  regular  except  the  frequencies  1600  and  3300  Hz  where  the  amplitude  is  larger  at  1 50  k\V 
than  at  50.  Figure  4  represents  the  behaviour  of  third  harmonic,  its  amplitude  is  larger  than  the  first  and  second 
harmonic  except  the  frequencies  1 150,  1300  and  1600  where  the  variation  is  very  small  and  opposite. 

Studying  the  diagrams  we  believe  we  have  been  able  to  ascertain  that  the  amplitudes  of  the  harmonies  vary  with  the 
power  and  that  probably  the  phenomenon  of  distortion  is  consequently  NON  LINEAR. 


S.  CALCULATION  OF  THli  PEHCFNTAOF  OF  MODULATION  OF  THE  HARMONICS 


As  it  is  written  in  the  paper  (1)  the  measurement  of  the  modulation  percentage  was  made  by  envelope  method  there 
described.  As  in  this  ease  the  modulation  envelope  is  distorted,  it  is  impossible  to  use  the  above  method.  Therefore  we 
prefer  to  calculate  the  percentage  by  J.M.Vilenskij  theory  published  in  1953  and  improved  by  V.M.Fuin  and 
S.A.Zhcvakin  in  1956.  To  calculate  the  current  (hut  the  electric  field  of  the  radiowave  generates  in  the  Ionosphere, 
Vilen.sk  fj  makes  use  <>l  electron  distribution  I  unction  that  gives  the  Davidov  equation. 

If  a  modulated  radio  wave  passes  through  the  Ionosphere  we  have  li  -  li„  (I  3-  M  cos  nt)  where  n  is  the  angular 
frequency  of  modulation  and  M  is  the  percentage  of  modulation  transmitted  by  AFN  Frankfurt, 


Owing  to  non  linearity  of  the  Ionosphere  it  is  possible  the  generation  of  harmonies  of  the  carrier  and  of  frequency  of 
modulation.  We  have  ignored  the  harmonies  of  the  carrier  frequency  because  we  don't  have  any  experimental  data. 

If  ii  is  small,  that  is  n  •td2m/M)l'c||'  -  <iPc||  1400  (lie  percentages  of  modulation  of  (lie  frequencies  from  I  lo 
1000  Iiz.  of  the  first  harmonic  n  ,  of  second  2n  ami  of  third  3n  arc  respectively: 


M'q, 


M  ( l  —  37  7M2 ) 

I  7  ^  7M 2 

^7M3 

I  7  ^M2 

J7M3 

1  7  —  ^7M2 


where  M  is  the  percentage  of  modulation  of  the  transmitter,  M'„ ,  M->n,  M'q,  the  percentages  of  First,  second  and  third 
liuiiiiunic  of  the  signals  received  in  Naples  and  7  is  a  constant. 


If 

we  have  that : 


M  -  0.6;  7  =  10  2;  li  -2x  10  3 ;  Pcn  7x  10~5 


5K%;  Mi, 


13.5%;  M'j„  -  1.3%. 


The  value  of  (i  —  2in/M 2  x  10  3  (where  m  is  the  mass  of  the  electron  ami  M  is  the  mass  of  heavy  particles 
that  is,  ions,  atoms,  molecules)  as  correctly  measured  by  R. Smith  in  1966  (4). 


Except  llie  percentage  of  the  first  harmonic.  Die  percentages  of  the  second  and  third  iiaimonie  are  very  small 
compared  with  t he  percentages  of  Hie  first  harmonic  and  of  M  , 


If  11...  2m/Mel,||  1400  that  is  for  frequencies  higher  Ilian  1400  the  percentage  of  the  first  harmonic  is: 


M  0.6 


M' 


0.6072 


60.7% 
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The  value  of  tile  percentages  of  M2n  ami  M3,,  arc  more  difficult  to  calculate  because  the  formulas  hold  the  value 
of  the  electric  field  that  the  wave  has  in  the  Ionosphere.  Wc  arc  not  able  to  calculate  this  hist  value  because  we  don’t 
know  the  correct  path  of  the  wave  during  its  propagation  from  Frankfurt  to  Naples. 


6.  CONCLUSION 

The  examination  of  the  diagrams  of  Figures  2,  3,  4  shows  that  the  amplitudes  of  the  three  harmonics  clearly  vary 
with  the  (lower  of  the  transmitter.  Therefore  wc  think  that  probably  the  phenomenon  of  distortion  is  not  linear. 

Utilizing  Vilensky  equations  wc  have  also  calculated  I  lie  percentages  of  modulation  of  the  harmonies  for  each  frequency 
of  modulation. 

Concluding:  when  a  modulated  rudiuwave  propagates  through  the  Ionosphere  the  non  linear  properties  of  the 
plasma  can  generate  some  distortions  of  Hie  modulation  envelope. 

Tile  importance  of  this  result  is  the  following:  If  the  phenomenon  of  distortion  depends  on  the  power  it  is  non 
linear  and  therefore  the  mechanism  of  its  generation  can  he  explained  by  interaction  llieories  of  V.  A. Dailey, 

V.L. Ginzburg,  A. V, Gurevich,  M.Sodha  and  of  many  others.  On  the  contrary,  if  the  phenomenon  were  linear  (it  is  not  our 
ease)  that  is  it  does  not  depend  on  the  power,  the  mechanism  of  its  generation  can  lie  due  to  dispoision  of  the  plasma,  to 
interference,  in  lire  receiving  antenna  or  in  the  Ionosphere,  of  rays  (hat  have  crossed  different  paths  in  the  Ionosphere  or 
to  other  reasons. 

Non  linearity  means  that  the  electrons  acquire  a  fair  amount  of  energy  from  the  electric  field  of  the  radio  wave 
crossing  the  plasma.  Since  the  mass  of  the  electron  is  very  small  compared  with  that  of  the  molecules  and  (he  ions,  the 
electron  does  not  transfer  to  the  latter  all  the  energy  acquired  from  the  electric  field  so  that  it  heats  up.  with  the  result 
Glut  tlie  dielectric  permittivity  of  the  plasma  begins  to  depend  on  the  electric  field  of  the  radio  wave.  Consequently  the 
polarization  and  tiie  conduction  current  are  no  longer  proportional  to  li  (electric  field  of  (lie  radio  wave),  so  tlial  all  (lie 
eleclm-dynamic  processes,  in  particular  the  propagation  of  radio  wave,  acquire  the  properly  of  no  longer  being  linear, 

Willi  t  tie  consequent  violation  of  the  principle  of  superposition. 
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Fig.  1  Example  of  a  distorted  wave  envelope.  The  frequency  of  modulation  is  200  Hz, 
the  modulation  percentage  transmitted  by  AFN  Frankfurt  is  60%;  the  emitted  power  50  kW 


l;ig.2  Diagram  of  first  harmonic.  On  the  abscissae  there  arc  the  frequencies  of  modulation  while  op 
the  ordinates  the  mean  of  22  measurements  of  the  amplitudes  of  second  harmonic  for  each  frequency 
of  modulation  and  IV.  ■  50  kW  and  1  50  kW 


Fig.4  Diagram  of  the  third  harmonic  for  <  1m  power  SO  ami  I  50  kW; 
the  meaning  of  the  abscissae  and  ordinates  is  that  described  above 
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ABSTRACT 


A  long  series  of  experiments  on  self-modulation  (increase  or  decrease  of  the  percentage 
of  modulation  of  a  modulated  radio-wave  when  it  passes  through  the  Ionosphere)  was  made 
by  M.Cutoio  and  collaborators  from  1957  to  1959,  to  study  the  dependence  of  the 
phenomenon  on  the  power  transmitted.  The  transmitter  was  Radio  AFN  Frankfurt 
(872  kHz,  1 50  kW)  and  the  receiving  station  was  in  Naples.  The  experiments  were  always 
made  during  the  night  (0115  0325).  The  measurements  were  made  with  the  envelope 
method  and  always  with  same  statistics. 

Radio  AFN  Frankfurt  emitted  its  carrier  frequency  with  different  frequencies  of 
modulation  and  different  powers  (150,  100,  50  k).  Each  frequency  of  modulation 
(30  5000  Hz)  was  emitted  for  4  consecutive  minutes.  For  the  first  minute  the  power  was 
150  kW,  second  minute  100  kW,  third  minute  50  kW,  and  for  the  fourth  was  again  1 50  kW. 

The  first  characteristic  is  the  finding,  for  the  first  time,  an  increase  in  the  percentage  of 
modulation  received  with  regard  to  the  percentage  emitted  by  the  transmitter.  The  most 
important  observation,  however,  is  the  clear  dependence  of  demodulation  or  the  over¬ 
modulation  on  the  electromagnetic  power.  Figure  1  clearly  shows  this  dependence. 

Our  discussion  of  the  theories  made  to  date  to  explain  the  self-modulation  shows  that 
no  theory  is  able  to  explain  the  phenomenon  because  the  powers  considered  in  the  theories 
are  higher  than  those  used  by  us  in  our  experiments.  If  we  develop  an  exponent  of  an 
equation  in  a  MacLaurcn  series  and  give  a  limit  to  the  value  of  the  exponent,  we  think  that 
the  Carievarn  theory  could  he  able  to  interpret  some  of  the  behaviours  observed  by  us.  So 
we  have  that  f0  varied  during  the  experiments  from  8.20  x  104  to  3.60  x  106 . 


INTRODUCTION 

The  concept  of  non-linear  processes  in  a  plasma. 

As  it  is  known  “non  linear  processes”  in  an  ionized  medium  (plasma)  arc  very  important  not  only  for  the  propaga¬ 
tion  of  the  radio-waves  hut  also  for  the  applications  in  the  telecommunications  and  in  military  operations. 

The  first  non  linear  phenomenon  was  discovered  by  B.D.H.Tellegen  in  1 933  and  it  is  the  Luxembourg  effect.' 

V. A. Bailey  and  D.F.Martyn2  and  then  V. A. Bailey  alone  built  the  theory  suggesting  also  the  possibility  to  generate 
the  Luxembourg  effect  with  resonance3.  The  early  experiments  of  Luxembourg  effect  with  resonance  called  gyrointcr- 
action,  were  made  with  success  by  M.Cutoio  and  collaborators  between  1964  and  1950  (Ref.4).  In  1957  V.L.Ginzburg 
used  the  kinetics  theory  of  Boltztnan  to  explain  the  mechanism  of  that  phenomenon5. 

Ginzburg  ami  Gurevich  made  the  theory  of  the  effect  called  also  cross  modulation  or  interaction  of  radiowaves6. 

In  1956  A. V. Gurevich  introduced  the  concept  of  “plasma  field”1  and  developed  the  theory  of  self-action  and  interaction 
of  strong  radiowaves  in  the  lower  Ionosphere.  If  a  radiowave  with  carrier  frequencies  not  too  high  and  with  power  not 
low  propagates  through  the  Ionosphere  the  electric  field  E  ol  the  wave  gives  to  the  electrons  a  iair  amount  of  the  energy. 
If  tlie  propagation  occurs  in  the  D  region  or  in  noclurn  h  layer  where  the  number  of  electrons  is  very  small  (at  night 
~  100  elcctrons/cm3  or  less)  and  the  mean  free  path  is  considerable,  the  electron  has  time  to  acquire  a  fair  amount  of 
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energy  from  the  electric  field  of  the  radiowave  crossing  the  regions  mentioned  above.  But  since  the  mass  of  the  electron 
is  very  small  compared  witli  that  of  molecules  and  the  ions,  the  electron  docs  not  transfer  to  the  latter  all  the  energy 
acquired  from  the  electric  field  so  that  it  heats  up,  with  the  result  that  the  dielectric  permettivity  of  the  plasma  begins  to 
depend  on  the  electric  field  E.  It  follows  that  the  polarization  and  the  conduction  current  are  no  longer  proportional  to 
E,  so  that  all  the  electro-dynamic  processes,  in  particular  the  propagation  of  radiowaves,  acquire  the  property  of  no  longer 
being  linear,  with  the  consequent  violation  of  the  principle  of  superposition7. 

The  “plasma  field  E  p”  according  to  A.V.Gurevich  is  the  following 


E 


P 


m  ,  , 

2  Gcrr<T)(w?'  +  "eft) 

e 


where  K  is  Boitzman’s  constant,  T  the  temperature  of  the  heavy  particles  (molecules,  atoms,  ions),  in  and  e  the  mass 
and  the  charge  of  the  electron,  Geff  is  the  fraction  of  energy  lost  by  an  electron  in  a  single  collision,  w  the  angular 
frequency  of  the  radiowave  and  i>eff  is  the  actual  number  of  collisions  per  second  (collision  frequency). 


If  E  is  E  <t;  E|,  the  electric  field  is  said  to  be  weak  and  therefore  it  has  no  effect  on  the  ionized  gas  (plasma). 
But  if  E  >  Ep  (or  E  Ep)  the  field  is  said  to  be  strong  (or  very  strong)  and  so  it  is  able  to  change  substantially  the 
properties  of  the  plasma,  as  mentioned  before. 


Conclusion:  non  linear  ionospheric  property  means  that  in  the  plasma  the  electrons  heat  up  more  than  the  molecules 
with  the  result  that  e0  is  no  longer  constant  but  begins  to  depend  on  the  electric  field  E. 


SELF-MODULATION 

As  it  is  known  the  phenomenon  called  by  Cutolo1*  Ionospheric  Self-.lemodulation  was  observed,  for  the  first  time,  in 
May  1948.  during  the  Italian  experiments  on  “Luxembourg  effect  with  resonance”  or  better  “Gyrointcraetion”3. 

Sell'-demondulation  consists  in  the  decrease  of  the  received  modulation  percentage  with  an  increase  of  the  modula¬ 
tion  frequency.  This  phenomenon  has  been  observed  with  carrier  frequency  varying  around  the  local  gyrofrequeney. 

The  knowledge  of  the  dependence  on  power  is  necessary  to  build  a  theory  capable  to  explain  the  mechanism  producing 
tile  phenomenon.  In  fact  if  the  dependence  occurs  we  cun  use  the  interaction  theory;  on  the  contrary  the  dispersion  of 
the  ionized  medium,  the  interference  or  other  phenomena  are  to  be  taken  into  consideration.  Up  to  today  we  don’t 
know  whether  the  phenomenon  depends  on  the  electromagnetic  power  emitted  by  the  radio  Station  or  not. 

To  study  the  eventual  dependence  on  power  a  long  Series  of  experiments  of  self-demodualtion  was  made  by  Cutolo 
and  collaborator  from  1957  to  1959.  Thanks  to  US  Air  Forces  we  used  Radio  /,FN  Frankfurt  as  the  transmitter.  Tile 
receiving  station  was  in  Naples,  at  the  Institute  of  Technical  Physics  of  the  University. 

Radio  AFN  Frankfurt  (Federal  Germany)  (872  kHz,  150  kW)  emitted  its  carrier  frequency  with  different  frequencies 
of  modulation  and  different  powers  (150,  100.  50  kW).  Each  frequency  of  modulation  (30  3000  Hz.)  was  emitted  for 
4  consecutive  minutes.  For  the  first  minute  the  power  was  150  kW,  second  minute  100  k\V.  third  minute  50  kW,  the 
fourth  was  again  150  kW  and  vice-versa  50,  100  and  150  kW. 

The  measurements  were  made  with  the  envelope  method  in  the  receiving  station  in  Naples.  The  envelope  method 
consists  of  reading  the  maximum  value  A  and  the  minimum  H  of  the  envelope  (Fig,  1 ),  The  percentage  M  of  tile  direct  r.'y 
or  M1  of  the  echo  was  calculated  by  means  of  the  formula: 

M  (or  M')  =  (A  —  B)/(A  +  B)  x  100 

including  the  required  corrections;  the  influence  of  the  receiver,  the  thickness  of  the  oscillograph  trace,  etc. 

By  1  his  method  we  made  the  measurements  al  ILF.  or  at  I.F.  (intermediate  frequency)  and  not  at  audiofrequency  as 
the  researcher  J.W. King  did  In  his  paper  published  on  Journal  of  Atmospheric  and  Terrestrial  Physics  in  1959  (Ref.9) 

Dr  King  asked  Cutolo  wlut  precaution  lie  used  to  eliminate  the  influence  of  the  selective  fading  on  the  measurements. 

The  precaution  consisted  of  using  the  envelope  method.  In  fact  lay  this  method  it  was  possible  to  ignore  the  distorted 
envelopes  (due  eventually  to  selective  failing)  from  those  that  were  perfectly  sinusoidal  (not  due  lo  selective  fading) 
and  so  the  researcher  (M.C.)  was  -'hie  to  show  that  Demodulation  and  Overmodulation  were  not  due  to  selective  fading. 

The  first  characteristic  of  the  experiments  is  (lie  infrequent  presence  of  selective  fading  and  distortions  of  the  wave 
envelope  compared  to  that  found  in  former  experiments,  flic  second  characteristic  is  the  observation,  for  the  first  time, 
of  an  increase  of  (he  percentage  of  the  received  modulation,  with  regard  to  the  percentage  emitted  by  the  transmitter. 

An  other  important  observation,  however,  is  the  CLEAR  dependence  of  the  demodulation  or  the  mermodulation  on 
the  electromagnetic  power. 

For  all  those  reasons  we  called  the  phenomenon  SELF-MODULATION  and  not  SF.I.H-DEMODULATION. 


«- 
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The  principal  results  are  the  following. 

Figure  2  clearly  shows  the  dependence  of  the  phenomenon  on  power.  On  the  abscissae  there  f:e  the  frequencies  of 
modulation  with  which  the  carrier  was  modulated  for  a  minute  in  the  transmitting  station.  The  ordinates  are  the 
percentage  of  modulation  received  in  Naples,  after  the  passage  of  the  radio-waves  through  the  ionosphere.  The  dotted 
line  parallel  to  the  X-axis  is  the  percentage  of  modulation  (60%)  emitted  by  AFN  Frankfurt.  All  the  points  below  the 
dotted  line  represent  the  demodulation,  the  points  above,  the  over  modulation  undergone  by  the  wave  in  the  plasma. 
Each  point,  is  the  mean  of  the  sixty  observations  made  during  an  exact  minute  of  transmission.  The  vertical  line 
represents  the  fluctuation  of  the  received  modulation  during  the  minute.  As  you  see  the  percentage  of  received 
modulation  varies,  for  every  frequency  of  modulation,  with  the  powers.  In  fact,  at  150  kW  the  percentage  M'  for  the 
frequency  30  Hz  is  33.5%;  at  100  kW  is  39.2%;  at  50  kW  is  47.0%;  then  it  returns  to  33.6%  at  150  kW.  And  so  for  all 
other  frequencies,  at  least  up  to  1000  Hz. 

The  solid  line  is  the  theoretical  curve  calculated  by  us,  as  we  will  see  later. 

A  very  interesting  observation  h  the  following;  as  the  power  varies  there  is  not  only  a  dependence  of  M'  on  the 
power,  but  as  this  varies  the  behaviour  of  the  phenomenon  changes.  While  in  Figure  3  at  a  power  of  150  kW  there  is 
demodulation  at  low  frequencies  and  a  tendency  to  retake  60%  at  high  frequencies,  in  the  case  of  50  kW  there  is  a 
sensitive  over-modulation  at  low  frequencies  of  modulation  and  demodulation  at  high  frequencies. 

In  Figure  4  it  is  noted  with  interest  that  while  for  the  power  of  150  kW  (Fig. 4(a))  there  is  only  demodulation,  for 
the  power  of  50  kW  (Fig.4(b))  there  is  only  ovcrmodulation. 

In  Figure  5  the  percentages  of  demodulation  clearly  depends  on  power.  In  fact  the  demodulation  is  more  sensitive 
at  150  kW  then  at  50  kW. 

Figure  6  is  a  typical  example  of  overmodulation  and  that  is,  of  gain  of  percentage  of  modulation  with  regard  to  that 
emitted  by  Hie  transmitter.  In  these  figures  at  a  power  of  50  kW  there  is  greater  ovcrmodulation  than  at  150  kW. 

As  we  said  before  the  solid  lines  of  the  figures  are  the  Lheorctieal  curves  obtained  by  the  Authors.  The  dependence 
of  the  phenomenon  on  the  power  in  the  eases  we  have  observed  shows  that  the  experimental  results  can  be  analysed  by 
the  interaction  theory.  Some  analyses  start  from  BAILF.Y’s  equation.  Dibbers  (1955)  (Ref.10)  and  Carlovaro  (1956) 
(Ref.  1 1 )  presented  a  linear  solution  of  that  equation. 


THEORETICAL  REMARKS 

The  CARLHVARO’s  solution  is  the  following: 

M'2  1  —  4p(l  —  p)  cos3  4/ 

M2  ( 1  —  M2cos2 

where  M  is  the  depth  of  tiie  transmitted  modulated  wave,  M'  the  received  percentage  after  the  passage  of  the  radio-wave 
through  the  ionosphere,  tgif/  =  nt.c  ,  n  =  is  the  angular  frequency  of  modulation,  G  is  the  mean  relative  energy  loss  in 
a  collision,  p  =  a/2[w(w  +  GQ„] ,  v  is  the  collision  frequency  of  the  electrons  in  the  presence  of  the  radiowave,  Q0 
is  the  thermal  energy  of  the  electrons  in  absence  of  the  radio-waves,  w  is  the  mean  value  of  the  work  done  by  the  electric 
field  of  the  radio-wave  on  an  electron  between  two  consecutive  collisions  and  a  is  the  total  absorption  coefficient. 

If  the  wave  is  modulated  the  electric  field  E  —  E0 ( 1  +  M  sin  nl) . 

If  wc  indicate  with  Hu  the  amplitude  of  the  electric  field  after  is  passage  through  the  ionized  layer  we  have 

Eu  =  e~“Em(l  +  M  sin  nt)  exp  (-  apM  cos  ij/  sin  (nt  —  ifO]  |2] 

where  all  symbols  arc  known. 

If  apM  cos  f  is  small  with  respect  to  1 ,  the  second  exponential  of  2  can  be  developed  in  MacLauren  series 

Eu  -=  e"a  Em[  I  -  pM2  cos2  tj/ 1  [  I  +  a  sin  nt  T  b  cos  nt  +  c  cos  (2nt  —  ij/))  [ 3  I 

1  —  up  cos 2  ap  cos  i/ijsin  i j/t  pM2cos  i 

where  a  —  M  — ■  -  -  — —  :  b  =  M - - - - —  ;  c  =  -  --- —  —  . 

1  pM2cos20,  1  —  pM2  cos2  I//,  I  -pM'cos'f, 

The  deptli  of  modulation  of  tlfc  wave  after  its  passage  through  the  layer  is 


M2  =  a2  +  b2  . 


30-10 


Resolving  a  and  b  by  [3]  one  has  the Carlevaro’s Equation  [il  reported  above. 

Figure  7  shows  a  diagram  (Carlevaro,  1956)  in  which  one  secs  that  for  each  value  of  M  there  are  four  values  of  p, 
and  for  each  of  these  values  of  p  there  are  four  characteristic  behaviours  a,  b,  c,  d.  Now  wc  make  a  brief  critical 
analysis  of  the  final  part  of  Carlevaro’s  work  and  this  is  to  show  how  all  the  behaviours  suggested  by  him  do  not  correctly 
represent  the  phenomenon. 

To  obtain  [31  and  [4]  from  which  we  soon  have  II],  one  has  developed  in  MacLaurcn  series  the  exponent  of  [2] 
given  a  limit  to  the  value  of  the  exponent.  To  calculate  Eu  with  a  fixed  percentage  precision  one  must  approximate  the 
exponential  with  the  same  precision.  If  the  maximum  imprecision  is  10%  the  exponent  must  be  less  than  0.4  for  each 
value  of  i jj ,  that  is 


pM  cos  <  0.2  .  [4] 

If  we  want  the  curve  M’  in  function  of  the  frequency  of  modulation  to  have  the  fixed  precision  on  the  whole  band  of 

frequencies  (beginning  from  n  =  0)  one  must  have  (  remembering  that  tgi j/  =  — 

V  Gp 

pM  <  0.2  .  15] 

Wc  have  added  the  dotted  line  pM  =  0.2  in  Figure  7  and  the  curves  that  have  fixed  precision  are  those  below  this  line. 
If  the  point  (p;  M)  is  not  below  the  dotted  line,  that  is  [5 ]  is  not  valid,  the  curve  has  the  fixed  precision  beginning  only 
from  the  minimum  value  for  which  [4]  is  valid. 


It  is  easy  to  demonstrate  that  tiierc  is  a  clear  dependence  of  p  on  — —  when  pM  cos  i j/  =  0.2  is  valid  for  the  same 

Gp 

values  of  M.  From  this  it  is  also  easy  to  calculate  the  curve  (p;  Gp;M)  that  has  the  limitation  [41 . 


With  the  approximation  that  it  is  possible  to  make  in  the  ease  of  the  experiments  1 ;  v  ~  i/0 

GQ„ 

Mv/l  -  Ap(V  ~p)  cos2  \p0 

M  (!')  =  —  ,  ■  - 

1  —  pM2  cos2 1 p0 

where 

,  IGi»0|2 

COS  lpn  =  — - 

1Gp0]2  +  4rr2F2 

F  is  the  frequency  of  modulation  (F  =  n/2ir),  v0  is  the  collision  frequency  in  absence  of  an  electric  field,  Qn  is  the 
thermal  energy  in  absence  of  the  radiowave. 

To  determine  the  parameters  (p;  [Gu0  ] )  giving  the  curve  M'(F)  closest  to  the  experimental  is  closest  to  the 
experimental  points,  we  have  applied  a  method  of  research  of  the  minimum  in  the  following  manner. 

We  have  defined  a  function  of  p  and  [Gp0]  according  to  the  following  expression 


e(p;  |Gi>0])  =  ~ — 

N 

where  N  is  tile  number  of  the  experimental  points  available  and 

£,  =  IM'(Fc;  p;|Gp„1)-  Msi 

is  the  absolute  value  of  the  difference  between  the  experimental  value  at  a  frequency  of  modulation  and  the 
corresponding  value  of  the  function  M'(F).  The  minimization  of  the  function  and  the  determination  of  the 
corresponding  couple  of  parameters  (p;  1  Gc0|)  were  made  by  means  of  a  IIP  9 100  13  computer.  The  results  arc  given  in 
the  single  figures.  As  can  be  seen  analyzing  the  function  M'(F)  two  pairs  of  parameters  exist  fp,  ;  L(it'0l,>  and 
(p3 ;  I  Gp0]2)  that  give  the  same  curve  and  therefore  both  make  the  function  minimum.  For  this  reason  some  of  the 
experimental  curves  are  interpretable  with  two  couples  of  different  parameters. 

To  make  sure  that  the  curves  calculated  with  the  parameters  so  determined  enter  totally  or  partially  in  the  specified 
limits  earlier  we  proceeded  as  follows:  Given  that  the  curves  taken  into  examination  were  all  obtained  in  experiments  in 
which  M  =  0.6  the  condition  (5)  is  satisfied  for  p  <0.3  ■ .  The  curves  that  are  obtained,  therefore,  with  these  values  of 
p  come  within  the  precision  fixed  on  the  whole  band  of  frequencies  beginning  from  F  =  0.  For  p>0.33  the  curves 
are  only  partially  acceptable  and  precisely  unlv  beginning  from  a  frequency  Fx.  for  which  file  condition  (4)  is  satisfied. 
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To  calculate  Fx  a  graph  can  be  used,  from  which,  assigned  a  value  of  p  ,  it  is  possible  to  determine  the  value  nx/[C,e0] 
that  satisfies  the  (13).  From  this  value,  ([Gv0])  being  known,  it  is  easy  to  calculate  Fx. 

We  were  able  to  build  18  diagrams  of  which  we  report  here  only  4. 

From  the  examination  of  all  the  measurements  it  appears  that  v0  varied  during  the  experiments  from  8.20  x  104 
to  3.6  x  106 .  From  analysis  of  the  diagrams  the  following  results  are  obtained: 

(a)  for  diagram  4a  it  was  not  possible  to  determine  any  couple  of  parameters  because  the  function  e(p ;  |Gn„] ) 
does  not  give  well-defined  minima. 

(b)  for  diagrams  6a,  6b,  6c,  3b,  the  parameters  were  determined  with  the  method  described,  but  no  couple  can  be 
accepted  because  each  of  them  is  such  that  the  experimental  points  used  in  the  determination  are  all,  or  at  least 
the  most  significant,  outside  the  valid  portion  of  the  curve. 

(c)  the  analysis  of  the  remaining  diagrams  has  furnished  for  cacli  a  double  couple  of  parameters  that  lead  to  the 
same  curve  of  these  couples,  however,  only  the  first  is  acceptable  because  the  second  has  a  p  such  that  the 
experimental  points  arc  in  the  same  condition  as  those  in  tire  diagrams  of  item  (b). 

The  values  of  the  constants  used  in  the  above  calculations  are:  B0  =  7.21  x  1 0  7  (P  power  in  kW)  is  the  electric 
field  in  tiro  self-modulation  zone  (half  path  between  Frankfurt  and  Naples);  G  =  5  x  1 0-3  mean  relative  energy  loss  in  a 
collision  (King  1957);  T  —  200°  K,  temperature  of  the  ionosphere  in  the  self-modulation  zone. 


CONCLUSION 

From  examination  ol  the  diagrams  it  appears  that  self-modulation  may  have  three  different  behaviours  illustrated  in 
the  figures  and  that  the  most  interesting  is  cerainly  ovcrmoihtlutUm. 

The  diagrams  show,  in  particular  Figure  2,  that  the  phenomenon  dearly  depends  on  the  power  emitted  and  therefore 
it  is  a  non-linear  phenomenon. 

From  tire  brief  discussion  made  about  the  Carlevaro-llibbcrd’s  theories,  it  is  found  that  these  arc  not  able  to  explain 
all  the  behaviours  indicated  in  the  figures.  It  is  easily  demonstrated  that  oilier  well-known  theories  don’t  explain  all 
experimental  behaviours. 

The  theories  of  Carlcvaro  and  Ilibberd  arc  substantially  the  same.  But  Carlcvaro  lias  the  merit  of  having  indicated 
the  solution  of  the  Dailey  equation  and  a  diagram  which  foresees  the  possibility  of  having  ovcrmodulation  as  well  as 
demodulation.  Viccversa  the  Ilibberd  theory,  in  the  form  in  which  it  lias  been  presented  by  the  author,  foresees  only  a 
demodulation  at  low  audio  frequencies  and  siiows  Hint  (lie  percentage  of  demodulation  is  small.  Despite  tile  fact  that 
F. II. ilibberd  was  convinced  of  the  existence  of  only  demodulation  decreasing  witll  the  increasing  of  the  frequency  of 
demodulation,  our  study  has  shown  that  his  theory  also  foresees  ovormod'  >on  as  well  as  notable  demodulation. 

We  did  not  publish  up  to  date  all  the  long  series  of  the  experiments,  because  we  have  Imped  to  be  able  to  find  a 
theory  callable  to  interpret  all  behaviours  of  the  observed  phenomena. 

Tire  nublicalion  of  the  results  of  the  complete  series  of  experiments  wiii  be  published  elsewhere. 
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2000  f  c/s 


2000  f  c/8 


lixperimcnt  of  28/3/ 1 958 

(a)  150  kW  e  =  3.019? ;  p  =  0.25;  C,i>„  =  9,200  sec'1 :  F*  =  (1  Hz 

150  kW  e  =  3.65X  ;  p  =  0.7 1 ;  <i v0  -  1 2,000  see'1 :  F*  =  3.500  II/. 

Of  the  two  detcrminiing  couples  of  paramo lers  only  tlie  first  is  acceptable  because 
the  experimental  points  were  outside  the  portion  of  valid  curve  corresponding  to 
the  second  couple  of  parameters. 

(b>  1 00  kW  c  '-•77''  ’  P-0.20;  Gn0  -  4,700  sec  l*  =0  11/ 

u”  c  =  2.69%;  p  =  0.74;  C,v0  ~  6,400  see"1 ;  F*  =  2,000  Hz 

In  this  case  too  only  the  first  couple  of  parameters  is  acceptable. 

(c)  50  kW  c  =--  2,97';; :  p  -  0. 1 3 ;  (in,,  =  2.200  sec  1 ;  I*  -  0  1  Iz 

50  kW  t  l.OH'A  -,  p  -  0.78;  (ii>0  =  3.300  sec  1 ;  l'x  1,280  11/ 

In  this  case  too  only  the  first  couple  of  parameters  is  acceptable. 

mi  e=  I.IBW;  P  0.24;  Cp0  =  7.900  see-*:  F*--0llz 

Ull  ,  |5.  p  -  0.7 1 ;  C,i>„  -  9,700  sec';  F*  2.90011/ 

Also  in  this  ease  only  the  lirst  couple  <  parameters  is  acceptable. 


500 


1000 


1500 


2000  Hz 


I'ig. 3  Hxivrimcnls  of  1(>/1/I958 

c  -  3.45 'a  ;  p  0.13;  Gi<„  -  I  1 ,000  see-1 :  I*  =  0ilz  (Curve  I) 

(si)  150  kW  1. 14%:  <1-0.21:  Gn0=-  7.800  see-1 :  1™  =011?  (Curve  2) 

e  «  1  .09%;  /)  -  0.73;  C.i/„  =  I  1 ,000  see-1 ;  Px  =  3,400  Hz 

I  lie  second  and  Hie  lliml  couple  of  parameters  weie  determined  not  considering 
the  experimental  points  with  frequencies  of  modulation  30/70/ 150  Hz.  Of  tile 
couples  of  parameters  detei mined  the  second  may  he  held  to  he  valid  because  it 
leads  to  an  t  minor  to  that  of  the  first.  The  third  couple  must  he  discarded 
because  the  experimental  points  are  outside  the  portion  of  valid  curve 
corresponding  to  it. 

e  —  7.42/1 ;  p  -  0.90;  (,i<0  -  4  1 ,000  see" 1  ;  Fx  -  1 6,000  II/.  (Curve  I ) 

UkW  e  -  4.48'zf ;  p  -  0.94;  G 7.000  see  1 ;  l’*  2,900  II/.  (Curve  2) 

I  he  second  couple  of  parameters  was  determined  not  considering  the  experimental 
point  witli  frequency  of  modulation  3(1  II/.  Neither  of  the  two  couples  is  acceptable 
because  both  lead  to  portions  of  valid  curves  that  do  not  contain  the  experimental 
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2000  Hz 


l'ig.4  lixpcriment  of  24/1/1958 

w  e-0,22%;  p  -0.1.3;  Ci/0  -  410  see"' ;  l*=0llz 
la)  1  K  e  =  0.20%;  p^0.80;  <;n0 870  see'1 ;  P*  -  300  Hz 

Of  ihc  two  couples  of  parameters  only  tlie  first  is  acceptable  because  the 
experimental  points  are  outside  the  portion  of  valid  curve  corresponding  to  the 
second  couple  of  parameters. 

(b)  50  kW.  !t  was  not  possible  to  interpret  this  diagram  because  the  function  did  not 
present  a  very  clear  minimum. 


1000 


2000 


3000 


4000  Hz 


l'iK.5  I 
la> 


(1.) 


ixperinieiil  of  17/5/1958 

.  ...  .  w  c  ~  p  =  0.20;  C,v„  =  12,000  see ;  R-Ollz 

k  t  1 .2(1%;  p  0.74;  Op0  -  24.000  see-' ;  I  *  =-  7,3000  Ilz 

()[  the  two  couples  of  parameters  only  the  lirsl  is  acccptalile  because  the 
experimental  points  are  outsiile  the  portion  of  valid  curve  coi  rcspondiiiK  to  the 
second  couple  of  parameters. 


50  kW 


4.50%;  p  -  0.09;  (ln0  -  5,100  see'1 ;  l,x  -  Oil/. 

4.53%;  p  -  0.84;  C.u„  -  7.000  see-'  ;  I-'*  -  2.000  II/. 

I 'or  reason  above  also  in  this  ease  only  the  liixt  couple  of  parameters  is  acceptable. 


1 


2000  H  z 


lixperiment  of  21/1/ 1 95 H 

(a)  150  kW  t-  1.15%;  p-  0.93;  «ii»0  ■  310  scl--';  l;  -128  11/. 

Parameters  not  acceptable  because  llic  greater  part  of  < lie  experimental  points  used 
in  the  determination  were  outside  the  portion  ol  the  valid  curve. 

(I)}  50  kW  c-  2.21%;  p  l.?.0;  On,,  -  1 70  see  1 ;  I'*  04  Hz 

Paranieteni  in  the  same  ■  omlition  as  those  above. 


(e)  I  SO  kW  <  0.47%;  p-  0.87;  400  see 

Parameters  in  (lie  same  condition  as  those  above. 


’.7  Hxpenment  oi  l  7/ 11/1959 

,'a)  15CUW  1.27'X;  p  =  0.852;  (ir0  =  4.900  sec"1 ;  1-1.400117. 

This  couple  of  parameters  can  not  he  accepted  because  the  experimental  points 
•.ire  outside  the  portion  of  valid  curve  cwiesponding  to  it. 

(h)  50kVv.  It  was  not  possible  to  interpret  this  diagram  because  the  function  e  did 
not  present  a  very  clear  minimum. 
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CALCULATION  OF  THE  RESIDUAL  MODULATION  OF  A  MODULATED  RADIOWAVE 
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ABSTRACT . 

The  aim  of  this  work  is  the  numerical  calculation  of  the  residual  modulation  of  a  modulated  radiowave 
with  variable  power  refracted  by  the  Ionosphere .  To  do  that  we  calculate  and  discuss  th“  solution  of  an  im¬ 
portant  equation  of  the  Ionosphere:  Bailey's  equation. 

Using  this  equation  we  try  to  solve  the  problem  of  a  wave  refracted  by  Ionosphere  with  the  macroscopic 
theory;  the  last  theory  has,  as  regards  that  microscopic,  two  advantages:  the  possibility  to  found  mathema¬ 
tics  formulae  more  manageable  and  that  to  give  results  more  easily  comparable  with  the  experimental  results. 
In  fact  the  solution  of  the  Bailey's  equation  is  utilized  to  obtain  macroscopic  quantities  that  we  can  com¬ 
parable  with  the  teoretical  and  the  experimental  results  obtained  by  other  workers. 

1.  INTRODUCTION. 

First  time  the  problem  of  the  calculation  of  the  residual  modulation  of  a  modulated  radiowave  refracted 
by  Ionosphere  was  investigated  by  A.  Pozzi  ( 1962 ) ,( 196U ) ,  who  obtained  results  with  waves  of  high  power. 
Successively  A.V.  Gurevich  (1978),  with  different  method,  obtained  results  with  waves  of  low  and  high  power. 
Sperimentally  results  was  obtained  by  M.  Cutolu  (1960) ,(1979 ) . 

2.  CALCULATION  OF  THE  SOLUTION  OF  THE  BAILEY'S  EQUATION. 

We  suppose  that  the  electromagnetic  field  E^  incident  is  modulated  with  an  audiofrequency  n/2ir  and  with 
a  percentage  of  modulation  M 


E.  =  E  (1  t  M  sen  nt)  (1.2) 

i  o 


the  equation  of  the  motion  of  the  electrons  is 


dv  2T  TG  ,2  2  ,  2 

- - ~  +  — r  (v  -  v)=w(l  +  H  sen  nt) 

dt  2  2  o  o 


(2.2) 


V  V 

o  o 

where  v  is  th“  collision  frequency  of  the  electrons  with  neutral  particles,  and  v  is  the  umperturbed  colli- 

o 

sion  frequency. 

G  i .»  the  nean  relative  energy  loss  in  a  collision,  T  represents  the  energy  in  condition  of  the  thermal 
equilibrium.  If  we  suppose  that 


v  =  v/v  ed  nt  -  tt  /2  -  2z 

o 


the  adimensional  equation  (2.2)  becomes: 


dv  ,  2  v 

—  =  c  (v  -1) 
dz  1 


C  C  (1+M  cos  2z ) 


where 
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~  o  „  o 

C1  n  ’  C2  "  GT 


1  u1 

-  the  last  equation  becomes: 

ci u 


u"  t(t  +2t  cos  2z  +  2t  cos  4z)u  s  0 
o  1  2 


=  -cjc^le  f-)  1  =  -cJc2M  ;  t2  =  -C^C2  J- 


This  last  equation  has  been  solved  by  Hills  infinite  determinants.  The  solution  of  v  is  therefore  the 


following: 


2(  ja^-2b^  )f(z)cos2z-2(  )sen2z+  yf(  z ) 

2a^cos2z-2b^f (z)sen2z+l 


where,  for  values  not  to  high  of  w  ,  p  = 

o  o 


pz  -yz 
ae  -e 


pz  -  ie 
ae  +e 


*2  C  (wt20>1+2a1)-(i-2b1) 
C,(  u-2iJ>  +2a,  )+( l-2b  ) 


tl(t2'toW"J  ’ 

ai  '  ,  ,222  ,2 

(t  -4)  tp  (  p  t2t  +8 )-t 
0  O  2 

If  we  suppose  that  approximately  f(z)  =  1,  (3.2)  becomes; 


bl  ~  ,  ,2  2,  2  „  2 

(t  -4)  +p  (  p  -2t  t8  )-t 
o  o  l 


1  2msenx  -  2ncosx  t  1 
C  v  2a  senx  -  2b  cosx  tl 


m  =  a - ; 

1  y 


n  =  b  +  - 

1  y 


Expanding  the  (4.2)  by  Fourizr’s  series,  limited  only  at  first  term,  we  finally  obtain  for  the  function 
p/v  the  expression: 


—  -  a  ♦a  cosx  +  6, senx 

v  o  1  1 

o 


where  a  =  /-t  /C, 
o  o  1 


„  ( 4+t  )( 1-t  ) 

__  _32 _ 2  o 

al  ”  c  t  2 

11  (t  +4)  -16t 
2  o 


(1-t  )/-t 
-128  o  o 

®1  ’  C  t  2 

11  (t  t4)%16t 
2  o 


3.  NUMERICAL  DETERMINATION  OF  THE  RESIDUAL  MODULATION. 
After  these  developments, (1.2)  becomes: 


E  =  E  (1  +  M  sen  x) 
l  o 


and  the  refracted  wave  will  have  instead  the  intensity: 
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K  =  E  e*YV  (2.3) 

r  i 

where  y  is  the  mean  value  of  the  total  absorption's  coefficient.  We  will  utilize  an  approximate  value  of  y 

but  such  that  does'nt  influence  much  the  determination  of  the  residual  modulation  M". 

The  expansion  of  E  by  Fourier's  series,  limited  only  at  first  term,  gives: 
r 

E  =  E  (1  +  a  sen  x  +  b  cos  x) 
r  rm 


The  residual  modulation  M"  is: 


2  2  2 

M"  =  a  +  b 


Utilizing  the  Fourier*s  tecnique  and  neglecting  the  contribution  of  the  subsequent  harmonics,  we  find  a 
and  b: 


a  =  M 


b  =  - 


o  9  r 

hpsv5. 


(Vbi)5i0  ^V6!^]  <Vpi)*Io[f<VBi>i] 


where  I  and  I  are  the  Bessel's  functions, 
o  1 

Utilizing  the  values  of  a  ,a,  ,  and  M  we  have: 

oil 

? 

9  9  *1  9 

M"  =  M  t  - 


2M 


2  ?'I  '  9  2A  I 

rtl+6l  °  aJ  +  ^l^ 


A, 


(3.3) 


knowing  the  parameters  of  the  incident  wdt/«  and  the  value  of  y,  equation  (3.3)  gives  the  possibility  to 
calcula i  the  residual  modulation. 


•4.  DISCUSSION  OF  THE  RESULTS. 

The  formula  (3.3)  has  quantities  not  directly  depending  upon  the  parameters  of  the  incident  wave  and 

the  examined  conditions.  For  these  reasons  we  an?  able  to  calculate  the  expressions  of  (3.3)  in  function 

of  C  =  Gv  /n  and  C  =  w  /(GT): 

1  o  9  o 

2 

J  .  ■*  a  =  2  +  C  ( 1  I  — )  (  1  . 4  ) 

o  /  2 


a^Ci^VV,)] 


3 

COM 
J  7 


2  4  2 
„  CM  C 

,  2.2  1  2 

lfi+C,( - +  bC  M  +1K+1GC 

1  10  9 


1  l 

5 

„) 

^  J 


4.  .4) 


Utilizing  (1.4), (9. 4)  and  (3.3)  and  the  values  of  the  Brssol'r:  functions  (that  are  calculated  with  another 

program)  has  been  calculated  the  residual  modulation  M"  in  function  of  1/r^. 

W<  use  very  low  values  of  because  the  solution  (3.9)  has  been  obtained  with  low  power  (small  value: 

of  w  )  . 
u 

fig.  1  gives  the  values  of  the  residual  modulation  obtained  for  M  -  0,(>  and  -y  =  .1  .  !>  for  some  values  of 

C  . 

1 

We  observe*  that  lor  Valuev,  of  ('  around  0,1  we  have  always  demodulation  hut  not  excessive,  [’or  valuer, 
uf  (’  areund  J  .0  we  observe  1  ir*:;1  an  tivermodul.it  i  n»  also  high,  then  h  sight  demodu  1  at  ion .  Hu1  valuer,  higher 
of  the  demodu  1  at  ion  d  i  sapped!1:;  vompJ  etc  1  y  . 
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5.  CONCLUSION. 

In  this  paper  it  has  been  calculated  numerically  l he  residual  modulation  for  waves  with  low  power  refracled 
by  Ionosphere.  The  obtained  results  agree  and  complete  those  had  previousley  by  Pozzi  (1962 ), (1964)  with 
waves  of  high  power. 

Comparing  instead  our  results  with  thoi.e  theoretical  obtained  by  A.V.  Gurevich  (1978),  but  with  a  dif¬ 
ferent  method,  we  see  that,  for  power  not  excessively  low,  the  agreement  is  excellent.  But  variyng  the  mo¬ 
dulation  frequency  A.V.  Gurevich  always  ublaines  bo'll  overmodu I ation  and  demodulation;  instead,  with  low 
power  and  with  low  frequency  of  modulation,  we  have  only  demodulation. 

This  good  result  appears  more  important  when  wc  compare  our  numerical  results  with  those  sperimentally 
obtained  by  M.  Cutolo  (1960) ,(1974) .  In  fact  in  the  experimental  data  of  residual  modulation  now  available 
up  to  date  we  see  numerous  cases  in  which  it  is  possible  to  have  demodulation  only,  with  low  power  and  with 
low  frequency  of  modulation.  Such  data,  and  not  only  those  in  which  we  have  both  overmodulation  and  demodu¬ 
lation,  are  now  in  good  agreement  with  the  theoretical  and  numerical  data  discussed  in  this  paper. 

6.  REFERENCES. 

-  CUTGLOjM.,  1960, "Some  Considerations  on  ionospheric  self-modulation  at  oblique  incidence",  Tstituto  dn 

Tisica  Tecnica,  University  of  Naples,  Italy. 

-  CUTOLO, M.,  l974>,,The  ionospheric  propagation  of  the  modulated  waves  with  carrier  frequencies  far  from 

and  variyng  around  the  giro frequency" ,  AGARD  Conference  Proceedings  Nu  138. 

-  GUREVICH ,A .V. ,  1970, "Nonlinear  Phenomena  in  the  Ionosphere",  Springer,  Herl ino. 

*•  POZZI, A.,  1962, "Moto  di  eiettroni  nella  lonoufera  in  presenza  di  cumpo  elottrico  alternative  modulate"  , 

Nuovo  Cimento,  ?6  S.lO. 

-  POZZI, A,,  1964 ,"Aleuni  problem!  non  lineari  del  I.  'assorbimonto  ionosferico" ,  Consiglio  Nazionale  delle 

Ricerche,  Roma,  Italy. 


31-1 


MEDIUM  WAVE  MULTI-SECTION  GROUNDWAVE  PROPAGATION  IN 
MARMARA  AND  WEST  BLACK-SEA  REGION-NUMERICAL  RESULTS 

A.HIZAL  and  A . F  .  EF ' 

Electrical  Engineering  Department 
Middle  East  Technical  University 
Ankara-Turkey 


SUMMARY 

A  numerical  study  of  MF  ground  wave  propagation  in  the  Marmara  and  West  Black  Sea  reqion, 
near  Istanbul  is  presented.  The  numerical  results  are  obtained  by  two  methods:  (i)  the 
Hot-ground  two  and  four-section  ground-wave  propagation  formulas  based  on  the  approach 
by  King,  Maiey  and  Wait  and  (ii)  the  integral  equation  solution  based  on  the  formulation 
by  Ott  (i.e.  PROGRAM  WAGNER).  The  results  obtained  up  to  400  km  from  the  station  indicat¬ 
es  that  MF  (0.5  MHz)  ground  wave  is  a  suitable  mode  of  propagation  for  PTT  ship-to-shore 
communication  system. 

I.  INTRODUCTION 

Groundwave  propagation  along  mixed  paths  has  been  investigated  both  numerically  and 
experimentally  previously:  by  Kinq  and  Maiey,  (1965)  and  King  et.al.  (1966)  for  flat 
grounds  and  by  Ott  (1979)  for  irregular  and  inhomogeneous  qrounds.  For  flat  grounds,  the 
integral  expressions  developed  by  King  et.al.  (1965,  1966)  in  elliptical  coordinates 
proved  to  be  accurate  and  can  be  used  also  for  propagation  paths  oblique  to  the  land-sea 
boundaries.  I'or  irregular  terrain  such  as  hills  higher  than  a  wavelength  and  for  contin¬ 
uously  changing  surface  impedance,  the  Integral  equation  method  by  Ott  (1979)  as  incorpo¬ 
rated  in  PROGRAM  WAGNER,  is  suitable. 

In  the  present  work  a  groundwave  propagation  study  in  the  Marmara  and  West  Black  Sea 
region  of  Turkey  is  made  in  order  to  assess  the  performance  of  FTT's  MF  coastal  maritime 
communication  systems  from  the  propagation  point  of  view.  In  Fig.l,  the  region  of 
interest  and  the  location  of  the  station  are  indicated.  To  the  West  of  Istanbul  (Qatalca 
Plain)  where  the  station  is  located,  the  ground  is  mostly  flat  with  small  hills  up  to 
about  200  meters.  The  ground  in  this  region  may  bo  assumed  to  be  moderately  wet.  The 
other  characteristics  of  the  terrain  in  the  Marmara  region  are:  the  existence  of  Marmara 
Island  about  670  motors  high,  Kapida^  peninsula  about  780  meters  high,  Geml ik  Peninsula 
about  900  meters  high,  tstanbul-lzmit  path  almost  flat  with  hills  about  400  meters  high 
near  lzmit.  To  the  south  of  the  Dardanelles  is  placed  the  Riga  peninsula  whore  there  are 
Hills  up  to  about  1700  meters  for  some  propaqation  paths.  In  general  the  Marmara  region 
has  a  climate  which  is  a  mixture  of  mediterranean  and  temperate  climates,  the  ground  in 
this  reqion  is  moderately  wet  most  of  the  year.  Marmara  and  Acqean  Seas  are  moderately 
salty  while  Black-Sea  is  considerably  less  salty. 

We  are  interested  in  the  attenuation  factor  In  the  sea  sections  of  the  paths,  with  a 
maximum  total  path  length  of  about  400  km.  Under  these  conditions  flat  ground  modelling 
of  the  paths  seems  to  be  sufficient.  It.  is  reported  that,  (Ott,  1971)  ,  for  a  sea-iand- 
sca  path  the  attenuation  factor  in  the  land  section  is  drastically  different  for 
calculations  assuming  a  flat  island  and  a  realistic  island  witli  a  hill  several  wavelengths 
in  altitude.  However,  the  attenuation  function  on  the  soa-section  after  that  island  is 
not  significantly  different  for  the  two  cases  above. 

In  this  paper  we  shall  present  the  result  of  computations  for  the  attenuation  factor  in 
various  propagation  paths  indicated  in  Fig.l.  For  two  of  the  paths  with  a  second  land 
portion,  the  flat-ground  and  the  irregul n r-ground  (i.e.  those  obtained  by  PROGRAM  WAGNER) 
results  will  be  presented.  In  the  first  section  of  the  paper  a  brief  review  of  the 
theory  will  be  given  as  a  new  formula  is  developed  for  the  four  section  flat-ground  patji. 


2  .  THEORY 

For  the  two-section  propagation  path  shown  in  Fig. 2,  King  and  Maiey  (1965,  1966)  has 
developed  a  formula  in  the  elliptical  co-ordinates  for  the  attenuation  factor  F  (d ,  Z ,  7.^ ) 
using  the-  compensation  theorem  and  the  method  of  stationary  phase  integration  (c  g. 
Monteath,  1973): 


F(d,2,Z.  )--!'(.  I,  :l)  +  (i^)2  /  J  ( - - )  F  ( r  ,  K )  F  (  R ,  K  )  i 
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:  Surface  impedance  of  the  land  for  the  vertical 
polarization 

:  Intrinsic  impedance  of  the  land 


For  the  sea,  Z  and  ri  are  to  be  replaced  by  and  respectively. 
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F(r,Z)  =  1-i  /mp  e  ^  erfc  (1  /p  )  (2) 


is  the  Sominerfeld  attenuation  factor.  erlt  )  =  (2//tF  )/  e  dt  is  the  complementary 

2  Z 

error  function  and  p=(-ikr/2)  (Z/n  )  i.s  the  numerical  distance.  Formula  (1)  has  been 
proved  to  be  very  accurate  when  the  source  (A)  and  the  observation  jjo  int  (B)  are  several 
wavelengths  av»ay  from  the  coast.  Expression  (1)  is  easy  to  integrate  numerically  using 
Gauss ian-quadrature.  To  obtain  a  formula  amenable  for  iteration  the  reciprocity  theorem 
may  be  used  in  the  original  compensation  formula  by  replacing  F(r,Z)F(R,Z  )  in  (l)  by 
F (R, Z) F(r ,Z , Z-  ) .  But  it  is  found  that  such  an  iteration  scheme  is  not  necessary  and  (1) 
is  quite  accurate. 

For  the  three-section  paths  King  et.al.  (1966)  have  developed  a  formula  similar  to  (1) 
which  contains  1  he  two-section  result  given  by  (.1)  in  the  integrand.  For  our  purposes  we 
need  a  formula  which  is  suitable  for  a  four-section  path  such  as  a  land-sea-land-sea  path 
where  the  second  J and  portion  is  either  an  island  or  a  peninsula,  typical  characteristic 
feature  of  the  Marmara  region.  Although  such  a  formula  did  not  appear  previously,  it  is 
a  straightforward  procedure  to  develop  it  using  the  electromagnetic  compensation  theorem 
(Monteath,  (1973).  Referring  tc  Fig. 3  the  mutual  impedance  change  can  be  expressed  by 

ZAb  '  *..»  =  fj  <Z'-Z)  ^Bl  dS  (3) 

where  iiAt  and  li'Qt  arc  the  tangential  magnetic  fields  due  to  unit  currents  at  A  and  3, 

the  latter  being  open  circuited.  The  primed  situation  refers  to  the  case  where  the  seccnd 
land  portion  S  exists.  We  have  ZsZ^  and  Z'=Z2  utid  S  is  the  surface  between  0X  and  8 2- 

The  unprimed  situation  refers  to  the  cast:  where  only  land  (Z)  and  sea  (Z^)  exists.  When 
(3)  is  evaluated  In  elliptical  co-ordinates  and  invoking  the  stationary  phase-approxima¬ 
tion  one  obtains 


where 


,  ,  5  z.  -  •  „ 

FAB=I‘’(c1'Z'Z1)  +  ‘T'  /  l’'(r,Z,Z1)F(R,Zl,Z2)dO 
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lhAtl°tF<r'Z,Zl)  and  I  hBt '  F(R’7'1  >Z2* 

8o  =  Cos”1  {(2x1/d)-l)  ,  e2  -  Cos”1  (  C’x2/d)-l} 


z  Cos”1  l  {  2  (x2  +y2)/d}-l|  and  F(d  ,  Z ,  V,  j  )  1  ii  g  iven  by  (1)  . 


F(r,Z,Z^)  and  F ( I< , , Z ^ )  are  also  given  by  (1)  with  the  replacement  of  the  set  {d,Z,Z^} 
by  {r,Z,Z^}  anu  {R,Z^,Z0},  respectively,  calculation  of  (4)  is  made  numerically, 

evaluating  the  integral  by  the  Gaussiar  quadrature  method.  It  is  evident  that  consider¬ 
ably  longer  computer  time  is  needed  in  this  case , compared  v.o  the  two-path  case  to 
calculate  the  attenuai  Ion  factor.  Theoretical  and  experimental  investigation  made  by 
King  and  Maley  (1966)  »as  revealed  that  formulas  developed  for  the  perpendicular 
incidence  can  be  used  Jur  the  oblique  incidence  toi.  angles  of  incidence  up  to  about  70° 
from  the  normal.  Consequently  in  the  present  calculations  wo  shall  use  either  (1)  or  (4), 
for  the  paths  shown  in  Fig.l  with  flat  ground  approximation.  Once  the  attenuation  factor 

field  can  be  calculated  from 


(b) 

transmitter  antenna,  1^  is  the  antenna  current 

and  F=F(d,Z,Zj)  or  F=FAR  . 


has  been  computed  the  vertical  electric: 
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For  the  inhomogeneous  and  irregular  paths,  the  integral  equation  approach  developed  by 
Ott  (1979)  will  be  used.  The  theory  of  the  integral  equation  approach  is  described  n 
detail  by  ott  (1979)  and  Ott  (1971),  previously.  A  computer  program  based  on  the 
integral  equation,  known  as  PROGRAM  WAGNER,  had  been  tested  previously  for  various 
irregular  terrains  and  the  numerical  results  were  compared  with  measured  values.  PROGRAM 
WAGNER  has  been  implemented  in  our  computer  facility  IBM  370/145  and  used  for  the  two 
paths  shown  in  Fig.l,  namely  Kapida§-Biga-Lesbos  path  and  the  Gemlik  Bay  path. 


3.  NUMERICAL  RESULTS 

All  the  numerical  results  are  for  f=500  kHz  (  X  =600  m)  : 

(a)  Two-section  flat-ground  paths 

For  the  Black-Sea  region  near  Istanbul  we  have  chosen  three  paths  for  which  the  land 
portion  is  assumed  to  have  er=15,  0=0.008  mho/m  and  the  sea  has  cr=80  and  o=3  mho/m.  xx , 

;  he  distance  of  the  transmitter  to  the  coast  for  the  three-paths,  are  >^=15  km,  20  km, 

,uid  35  km,  respectively.  The  results  are  shown  in  Fig.  4. 

For  the  Marmara  Sea  which  is  more  salty  than  the  Black  Sea  we  shall  assume  Er=^0  and 
o=4  mho/m.  We  have  chosen  four  paths  described  by  the  sets  1:  .x1=32.5  kiiwe^-lb,  o=u.ui) 

2:  {x1=25  km,  ,  r=1.5,  0=0.01),  3:  {x^lO  km,  er=8,  <J=0.002)  and  4:  (x1  =  70  km,  tr=15, 

u=0.008}.  The  results  of  the  computations  are  shown  in  Fig. 5. 


(b)  Four-section  flat  ground  paths 
We  shall  describe  four  such  paths: (i) 


x^=2S  km,  x2  =  110  km,  y2=15  14111  (Kaprdaty)  £r=15, 


o  -jO  .Cl ,  cr2-H<  n  2=0 .00  2  mho/m,  (ii>  X1=12.5,  x2=52.5,  y2=18  (Gemlik  Bay),  Ej;=8,  u=0.002  , 
e  -8,  ci2=0.007  ,  (iii)  x1=35,  x2=117.5,  y2=12.S.  (Marmara  Island),  cr=15 ,  0=0.001, 
er?  =  8,  o2=0.002  ,  (iv)  x1  =  30,  x2=l~5,  y2=130  (Aegean  Sea  oath  1  )  Er=15,  o=0.01,  rr2  =  10, 
a  =0.008.  The  results  of  the  computations  for  the  attenuation  factor  beyond  the  second 
l§iid  portion  in  the  sea  are  presented  in  Fig. 0. 

(c)  Comparisons  with  the  irregular  terrain  (WAC.NRR)  results 

For  the  two  paths  l.r.  Gemlik  and  KnpidaCj-Biga-hesbos  paths  (Augean  Sea  Path  2)  PROGRAM 
WACJN13K  is  used  to  obtain  numerical  results  tor  the  nttonuat ion  function  fov  tho  flat 
ground  and  tho  topographic  ground  cases.  the  computer  program  is  first  tested  by  repeating 
several  test  runs  reyxvrted  Ivy  Ott  (1971)  .  In  the  calculations ,  the  topographic  features 
were  I  akeri  into  consideration  with  an  accuracy  of  25  in.  (X/24).  The  field  points  were 
taken  at  A/3  intervals  In  sca-to-land  transitions  and  in  regions  of  rapid  terrain 
variations.  The  ground  constants  for  the  paths  arc  taken  to  be  (lie  same  as  those  for  the 
correspondin')  flat-ground  paths,  since  a  detailed  experimentally  measured  ground 
conductivity  map  cf  Turkey  is  not  available.  The  terrain  profile  and  the  numerical 
results  for  the  two  paths  under  considered  Ion  are  presented  in  Figs. 7  and  8.  Flat-Ground 
results  obtained  by  formulas  (1)  and  (4)  are  superposed  on  these  curves.  It  is 
observed  Unit  on  the  sea  section  of  the  paths,  flat-ground  results  do  not  deviate 
significantly  from  those  for  the  topographic  cases ,  while  on  the  land  sections  atl.cnua 
t ion  functions  for  the  two  cases  differ  significantly.  Thus  it  may  be  found  advantageous, 
from  the  point  of  view  of  computational  economy,  to  use  the  simpler  formulas  (2)  or  (4) 
if  the  region  of  interest  happens  to  bo  over  the  sea,  especially  when  Uio  hills  are  oi. 
heights  below  roughly  a  wavelength. 

A  comiirm  feature  observed  Is  the  steep  rise  of  the  attenuation  function  over  t.ho  land 
section  where  a  rising  terrain  is  found. 

While  it  is  ovido  t  that  from  the  view  point,  of  ship-to-shoro  communications,  the  land 
based  station  must  be  as  close  to  the  coastline  as  possible,  when  other  factors  require 
that  the  station  must  be  inland,  it  should  bo  situated  on  a  li  13. 1  if  the  land  section  to 
the  siium  includes  high  terrain  irreqvl arltlco. 


4 .  CONCLUSION 

The  numerical  study  presented  in  this  paper  revealed  that  ,ic  tjatalca  Plain  (the  site  of 
the  station)  is  a  suitable  site  to  establish  a  modernized  MF  maritime  communicat Ion 
system  for  the  West  Black  Son,  Marmara  Sea  and  the  upper  Aoooan  Sea  of  the  Marmara  Region 
of  Turkey.  The  predicted  attenuations  up  to  about  400  km  are  needl'd  In  estimatin')  l  he 
requirement  n  on  the  transmitter  power  and  the  effective  aiii*'iina  height  for  manugable 
signal  to  noise  rar.ios  In  the  regions  of  Interest  at  ihf  ■  particular  frequency. 

The  four  section  formula  (eg. 4)  obtained  during  the  coui  :,u  cf  this  work  represent s  an 
efficient  technique  for  predict  ir.g  attenuation  lor  he  lagt.  sea  section  of  1  lie  propaga¬ 
tion  path  and  its  accuracy  is  found  to  be  sufficient  for  the  present  application. 
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SESSION  5 

PAPER  :  23.  MEDIUM  FREQUENCY  PROPAGAT I  ON  :  A  SURVEY 
AUTHOR  ;  P.  Knight 
QUESTIONER  :  F.  J.  Kelly 

QUESTION  s  Sammadar  of  the  U.  S.  Coast  Guard  has  been  studying  the  effects  of  tropospheric 
index  of  refraction  changes  on  10Q  KHz  ground  wave  phase.  Have  you  any  information  on  this 
effect  of  tropospheric  weather  on  MF  groundwave  phase  and  amplitude? 

RESPONSE  :  I  think  the  wavelength  is  too  large  for  day-to-day  variations  in  the  weather  to  have 
very  much  effect  on  ground  wave  field  strengths.  We  do  observe  seasonal  variations  due  to  the 
ground  being  mare  moist  in  the  winter,  and  being  a  better  conductor,  therefore  giving  rise  to 
higher  field  strengths.  In  calculating  ground  wave  f i el d-strengths  we  do  take  account  of  the 
variation  of  refractive  index  with  height  by  assuming  an  artificial  increased  radius  of 
curvature  of  the  earth.  There  is  a  very  good  paper  by  Rothran  of  Marconi  Company  who  produced 
factors  by  which  one  multiplies  the  radius  of  the  earth  at  lower  frequencies.  In  the  MF  Band  we 
take  a  factor  of  1.25.  4/3  is  typically  employed  at  higher  frequencies.  I  don't  think  however 

that  you  will  see  day-to-day  variations. 

PAPER  :  30.  ON  THE  SELF-MODULATI ON  AND  DISTORTION  OF  MF  WAVES  IN  THE  IONOSPHERE 
AUTHOR  :  M.  Cutolo 
QUESTIONER  !  F.  0.  Kelly 

QUESTION  :  What  was  the  location  of  the  interaction  region  and  the  geometry  of  the  path? 

RESPONSE  i  The  transmitter  was  in  Frankfort,  the  receiver  in  Naples,  and  the  disturbed  region 
at  the  midpoint.  Total  distance  about  1000  kilometers. 

PAPER  !  30.  ON  THE  SELF-MODULATI  ON  AND  DISTORTION  OF  MF  f-ttVES  IN  THE  IONOSPHERE 
AUTHOR  i  M.  Cutolo 
QUFSTI0NER  i  J.  Fonteyne 

QUESTION  :  II  auralt  ete  interessant  de  mesure  le  champ,  et 

ussi  d'avoir  une  sequence  sans  modulation.  Y  a  til  de  tells  mesure  simu I tanees? 

RESPONSE  :  I  hope  to  do  this  next  experiment. 


PAPER  :  30.  ON  THE  SELF  MODULATION  AND  DISTORTIUN  OF  MF  WAVES  IN  THE  IONOSPHERE 
AUTHOR  s  M.  Cutolo 
QUESTIONER  :  P.  A.  Kossey 

QUESTION  ;  At  what  hours  were  the  phenomena  most  clearly  observed.? 

RESPONSE  s  Our  observations  were  made  during  the  night  from  midnight  to  6j30  in  the  morning. 
During  the  day  it  is  impossible  to  receive  Frankfurt  in  Naples. 

PAPER  :  31.  MEDIUM  WAVE  MULTIPATH  PROPAGATION  IN  MARMARA  WEST  BLACK-SEA  REGION. 

AUTHOR  :  A.  Fer 
QUESTIONER  :  F.  J.  Kelly 

QUESTION  i  Did  you  consider  using  Millington's  method  as  described  by  Knight  earlier? 

RESPONSE  :  Yes,  we  considered  it,  ’t  would  have  taken  a  shorter  time,  however  the  technique  I 
described  is  a  rigorous  analysis  as  opposed  to  Millington's  semi -empirical  formulation.  While 
Mon  lea  th  has  given  a  proof  of  Millington's  method,  it  is  nevertheless  a  setni  empirical  formula. 
On  the  'our  section  path  we  did  not  have  any  experimental  evidence  on  hand  to  see  whether  it 
worked  satisfactorily.  Furthermore  the  extension  of  King,  Man  tea th,  and  Wait's  results  for  the 
three  section  path  was  a  simple  process  based  on  the  compensation  theorem.  It  takes  an 
extremely  short  time  in  ?.  37145  computer  for  example.  We  believe  the  results  are  mure  accurate. 

PAPER  :  31.  MEDIUM  WAVE  MULTIPATH  PROPAGATION  IN  MARMARA  AND  WEST  BLACK  SEA  REGION. 

AUTHOR  :  A.  Ter 
QUESTIONER  :  J.  Fonteyne 

QUESTION  :  La  theoric  c'est  tree  bien,  mais  I «?«  ?ssais  practiques  seraient  nettement  mieux. 
done  (  mon  idee  etait  de  savoir  si  vous  comptiez  faire  vraiment  dev  essais  avec  un  emetter  situe 
a'  I'erdroit  de  reception,  ou  avec  des  emetteurs  a'  Jus  different*  empl  acements  pour  bien  verifi§ 
toutes  c.es  courbes  et  ces  variations  de  conductivity.  Je  crois  que  ca  e'est  peut-^tre  la  chose 
plus  important*?  pour  nous,  pour  nous  permettie  de  due  quelle  est  la  methode  la  meilleure? 
RESPONSE  :  Well,  I  think  as  you  say  experimental  justification  and  confirmation  of  these 
results  is  definitely  necessary.  Tc  me,  it  ieems,  about  the  best  method  we  can  use  m 
Conner tion  with  any  specific  problem  is  to  apply  the  iwjorous  integral  equation  technique  of 
Randy  Ott's  program  WAGNER.  It  seems  to  take  into  accrun  »! I  the  characteristics  of  interest. 
However-  it'-,  so  expensive.  We  feel  chat  this  par  ticular  technique  is  somehow  a  compromise 
between  the  simple  formula  of  Mi  I  ling  ton,  which  I  suppose  we  should  have  compared  graphically 
here,  and  the  more  rigorous  technique.  Millington's  formula  is  I  believe  only  applicable  to  a 
case  where  the  transmitter  is  very  far  from  the  coastline,  and  near  the  boundary  region  the 
results  it  gives  are  not  supposed  to  be  very  accurate.  This  was  one  of  the  considerations  in 
our  case.  When  we  take  the  limiting  cave  of  the  transmitter  far  away  from  the  roast  line  and  the 
point  of  observation  far  from  the  coastline,  our  formula  reduces  to  Millington's  formula.  Which 
is  to  be  expected. 
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PAPER  :  31.  MEDIUM  WAUE  MULTIPATH  PROPAGATION  IN  MARMARA  AND  WEST  BLACK-SEA  REGION. 

AUTHOR  :  A.  Fer 
COM1ENTER  i  L.  W.  Barclay 

COMMENT  :  Following  the  other  discussion  on  this  paper  I  should  like  to  comment  ].)  I  have  made 
some  comparisons  between  Millington's  and  Ott's  methods,  although  not  over  such  severe  terrain 
profiles  as  those  in  Turkey,  and  found  the  two  methods  to  be  in  good  agreement  particularly 
over  the  sea. 

2.)  One  c<  the  papers  (I  believe  in  "NATURE")  published  by  Millington 
showed  good  agreement  between  his  mixed  path  method  and  experimental  results  when  the 
transmitter  was  close  to  the  coast.  I  should  also  like  to  draw  attention  to  the  recent  paper  by 
Damboldt  at  the  IEE  Antennas  and  Propagation  Conference  (1981)  where,  results  obtaihed  from 
measurements  over  mul tisection  mixed  paths  in  the  Baltic  sea  area  are  given. 
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NUMERICAL  MODELING  OF  THE  PROPAGATION  MEDIUM  AT  ELF/VLF/LF 


D.  G.  Morfitt 
J.  A.  Ferguson 
F.  P.  Snyder 

Electromagnetic  Propagation  Division 
Naval  Ocean  Systems  Center 
San  Diego,  CA  92152 

SUMMARY 

A  reliable  knowledge  of  radio  signal  amplitude  and  phase  characteristics  is  required  to  design  and  main¬ 
tain  communications  and  navigational  circuits  at  elf/vlf/lf.  The  ability  to  accurately  predict  signal 
levels  os  a  function  of  propagation  frequency  and  range  is  of  considerable  importance  in  achieving  relia¬ 
ble  communication  coverage.  Detailed  computational  models  {computer  programs)  based  on  multimode  theory 
have  been  developed.  These  models  have  been  found  to  account  for  the  signal  variability  as  a  function  of 
propagation  distance  that  occurs  in  nature.  Computed  results  are,  however,  very  sensitive  to  the  choice 
of  model  parameters  used  as  inputs  to  the  calculations.  In  particular,  the  ionospheric  electron  density, 
ion  density  and  collision  frequency  profiles  are  important  quantities  which  are  required  to  adequately 
depict  the  real  propagation  environment.  This  paper  presents  an  overview  of  some  available  procedures  for 
determining  ionospheric  profiles  to  be  used  in  computing  reliable  predictions  of  elf/vlf/lf  signal  levels. 

1 .  INTRODUCTION 

The  propagation  of  low  frequency,  very  low  frequency  and  extremely  low  frequency  radio  waves  is  of 
considerable  practical  importance  for  communications,  for  navigation  systems,  and  for  worldwide  frequency 
and  time  comparisons.  The  propagation  of  elf/vlf/lf  radio  waves  is  characterized  by  high  stability  in 
both  phase  and  amplitude.  Little  attenuation  of  the  waves  occurs  in  the  ionospheric  reflection  process 
and  as  a  result  they  propagate  to  very  great  distances.  These  waves  also  penetrate  further  into  seawater 
than  do  waves  of  higher  frequencies.  The  signals  are  not  greatly  affected  by  most  natural-occurring 
ionospheric  disturbances  apart  from  the  polar  cap  events,  and  radio  communications  can  usually  be 
maintained  under  conditions  that  make  communication  very  difficult  at  higher  frequencies.  Because  of 
these  propagation  characteristics,  vlf  and  If  systems  are  prime  congjonents  in  emergency  communications 
networks.  Marine  communicators  are  highly  dependent  upon  the  vlf  radio  frequency  band  for  broadcast 
communications  to  ships  at  sea.  concurrently,  some  communicators  have  specific  interest  in  propagation  on 
frequencies  at  the  lower  end  of  the  If  range  for  transmission  between  inflight  aircraft.  Elf  transmission 
would  be  useful  for  communication  to  submerged  vessels  since  these  frequencies  penetrate  further  into  the 
sea  than  other  frequency  bands. 

A  review  of  the  propagation  characteristics  of  radio  waves  at  these  frequencies  is  presented  by  Thrane 
(1979).  Some  of  the  most  important  computational  methods  that  are  available  for  predicting  the  phase  and 
anplitude  of  long  waves  are  briefly  discussed  as  are  some  navigation  and  communication  applications.  A 
recent  review  by  Burgess  and  Jones  (1975)  also  describes  the  propagation  of  vlf  and  If  radio  waves  with 
reference  to  systems  applications.  Elf  communications  are  described  by  Wait  (1974). 

In  order  to  design  and  maintain  communications  circuits  at  elf/vlf/lf,  a  reliable  knowledge  of  radio 
signal  amplitude  and  phase  characteristics  is  required.  Accurate  propagation  prediction  techniques  would 
prove  invaluable  in  helping  to  meet  these  needs.  Considerable  theoretical  work  at  elf/vlf/lf  frequencies 
has  been  conducted  since  the  early  1960s.  The  works  of  Budden  (1961),  Wait  (1970)  and  '  alejs  (1972) 
describe  the  basic  theory  of  radio  wave  propagation  at  long  wavelengths.  Detailed  computational  models 
which  characterize  propagation  at  these  frequencies,  have  been  developed.  These  models  have  been  found  to 
account  for  the  signal  variability  as  a  function  of  propagation  distance  that  occurs  in  nature.  Of  the 
several  propagation  models  that  have  been  developed  for  computing  field  strengths  at  elf/vlf/lf,  those 
developed  at  the  United  States  Naval  Ocean  Systems  Center  (NOSC)  will  be  utilized  in  this  paper  because  of 
the  many  special  computational  options  they  contain. 

Computed  results  are  very  sensitive  to  the  choice  of  model  parameters  used  as  inputs  to  the  calculations. 
In  particular,  the  ionospheric  electron  density,  ion  density  and  collision  frequency  profiles  along  with 
proper  values  of  the  earth's  magnetic  field  parameters,  ground  conductivity,  and  dielectric  constant  are 
important  quantities  which  are  required  to  adequately  depict  the  real  propagation  environment.  A 
determination  as  to  which  ionospheric  density  profiles  should  be  used  as  inputs  to  the  propagation  model 
is  examined  through  application  of  three  procedures.  The  first  approach  is  to  acquire  experimentally 
measured  long  path  propagation  data  and  then  to  "best  fit"  these  data  by  calculating  the  field  strength 
amplitude  along  the  appropriate  propagation  path  using  a  variety  of  ionospheric  profiles.  A  second 
approach  is  to  survey  the  literature  for  published  profiles  of  ionospheric  density  vs  height.  A 
regression  analysis  is  then  performed  in  terms  of  temporal  and  geophysical  variations  to  determine  the 
required  profiles.  A  third  approach  is  to  utilize  the  International  Reference  Ionospheric  Model.  This 
model  is  assumed  to  provide  useful  ionospheric  profiles  with  no  dependence  on  the  theoretical  assungi- 
tions.  The  ionospheric  profiles  produced  by  the  second  and  third  methods  are  input  to  the  propagation 
model  and  compared  to  the  measured  data  of  method  one.  This  comparison  gives  a  check  of  the  latter  two 
methods,  as  to  their  usefulness  in  signal  level  predictions. 

2 .  PROPAGATION  MODEL 

The  propagation  of  elf,  vlf  and  If  terrestrial  radio  waves  to  great  distances  is  conveiently  represented 
in  terms  of  waveguide  mode  theory.  The  NOSC  waveguide  model  is  chosen  for  the  analysis  presented  in  this 
paper  because  it  allows  for  changes  in  the  waveguide  parameters  (i.e.  ionospheric  profiles,  the  earth's 
magnetic  field  and  the  earth's  conductivity  and  dielectric  constant)  along  the  propagation  path. 

It  has  been  determined  by  Pappert  (1981)  that  the  waveguide  procedure  is  useful  for  computing  fields  at 
frequencies  as  high  as  300  kHz  for  daytime  propagation  conditions.  The  frequency  limit  for  nighttime 
propagation  is  at  least  60  kHz  (Morfitt,  1977). 
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The  NOSC  waveguide  model  is  described  in  a  series  of  papers  by  Pappert  (1958,  1970,  1972,  1974  and  1975) » 
In  general  this  technique  obtains  the  full  wave  solution  for  a  waveguide  that  has  the  following  character¬ 
istics:  (1)  arbitrary  electron  and  ion  density  distributions  and  collision  frequency  (with  height)  and 
(2)  a  lower  boundary  which  is  a  smooth  homogeneous  earth  character  zed  by  an  adjustable  surface  conductiv¬ 
ity  and  dielectric  constant.  The  model  allows  for  earth  curvature,  ionospheric  inhomogeneity,  and  aniso- 
trophy  result  ng  from  the  earth's  magnetic  field.  The  model  also  allows  for  the  calculation  of  both  hori¬ 
zontal  and  vertical  components  of  the  electric  field  at  an  arbitrary  height  in  the  waveguide.  Air-to-air, 
ground-to-air  or  air-to-ground  vlf/lf  propagation  problems  involving  a  horizontally  i  inhomogeneous  wave¬ 
guide  channel  may  be  treeted. 

The  energy  within  the  waveguide  is  considered  to  be  partitioned  among  a  series  of  inodes.  Each  nvude  r*vi«- 
sents  a  resonant  condition,  i.e.,  for  a  discrete  set  of  angles  of  incidence  of  the  waves  on  the  .onos- 
phere,  resonance  occurs  and  energy  will  propagate  away  from  the  source.  The  complex  angles  (0)  for  which 
this  occurs  are  called  eigenanglec  'or  "modes").  They  are  obtained  using  a  "full-wave"  procedure,  such  as 
described  by  Morfitt  and  She lima?  76) •  The  set  of  complex  modal  solutions  as  determined  from  the  full- 
wave  computer  program  for  a  spec  d  earth-ionosphere  waveguide  are  summed  at  arbitrarily  selected  dis¬ 
tances  from  the  transmitter  to  ob\  -n  the  calculated  vlf/lf  field  at  those  distances.  This  simple  model 
is  called  horizontally  homogeneous  snd  can  be  applied  to  most  daytime  propagation  paths  with  unvarying 
ground  conductivity.  Generally  the  parameters  of  the  waveguide  must  be  varied  to  describe  the  real  propa¬ 
gation  paths  properly.  Such  paths  cross  land-sea  and  day-night  boundaries  and  regions  through  which  the 
geomagnetic  field  variations  are  significant.  The  modeling  of  such  paths  is  accomplished  by  dividing  them 
into  horijontally  homogeneous  segments.  As  an  example,  a  land-sca  boundary  might  mark  the  end  of  one  seg¬ 
ment  and  the  beginning  of  the  next.  Two  methods  are  vised  for  computing  fields  over  these  segmented  paths. 
One  method  is  the  so-called  WKB  (Wait,  1964)  while  the  second  is  mode  conversion  (Pappert  and  Snyder, 
1972),  The  WKB  procedure  is  a  technique  that  utilizes  average  values  of  the  mode  constants  along  the 
propagation  path.  This  method  is  accurate  when  changes  in  the  modal  parameters  are  sufficiently  gradual 
along  the  path.  For  those  propagation  conditions  where  the  properties  of  the  earth-ionosphere  waveguide 
can  not  be  considered  as  slowly  varying,  the  mode  conversion  technique  mur.t  be  applied.  At  each  boundary, 
conversion  coefficients  are  calculated  to  relate  modes  in  one  segment  to  those  in  the  next.  The  nr>de  con¬ 
version  model  allows  for  an  arbitrary  number  and  order  of  modes  on  each  side  of  each  waveguide  discon- 
tinunity.  The  mode  conversion  model  can  be  applied  even  in  the  event  that  the  propagation  path  has  only 
slowly  varying  waveguide  parameters. 

3.  PROPAGATION  AT  ELF 

Propagation  at  elf  is  presented  in  terms  of  theory  and  experiment  in  Wait  (*974).  Pappert  and  Moler 
(1974),  showed  very  good  results  between  calculations  and  experimental  measurements  during  undisturbed 
ionospheric  conditions.  The  models  of  the  electron  and  ion  densities  which  were  used  in  these  calcula¬ 
tions  are  given  in  Figure  1.  Measured  elf  signal  levels  have  been  found  to  experience  large  amplitude 
fades  during  nighttime  propagation  (Davis,  1976).  Barr  (1977)  and  Pappert  (19B0)  have  suggested  that 
sporadic-E  layering  in  the  ionospheric  height  regions  between  110  and  130  kilometers  (km)  could  produce 
those  effects. 

4.  PROFILES  FROM  LONG  PATH  VLF/LF  MEASUREMENTS 

The  ionospheric  region  of  greatest  importance  to  vlf/lf  propagation  is  that  from  about  50  km  up  to  about 
120  km  (the  D  and  E  regions).  This  region  is  not  easily  studied  by  ground  based  probing  experiments, 
which  tend  to  be  plagued  either  by  large  error  factors  in  estimates  of  the  ionization  densities  at  various 
heights  or  by  poor  height  resolution  (Trane,  1974).  Rocket  soundings  provide  more  accurate  measurements 
but  are  very  limited  in  their  temporal  and  geographical  distributions. 

Propagation  studies  using  long-path  vlf  and  If  data  provide  an  indirect  but  useful  description  of  the 
ionosphere  for  propagation  prediction.  The  .important  ionospheric  parameter  needed  to  simulate  actual 
propagation  data  is  the  ionospheric  conductivity  profile  through  which  the  radio  waves  must  pass.  This 
parameter  is  the  principal  unknown  in  the  propagation  models  and  is  a  function  of  the  height  variation  of 
electron  and  ion  density  distributions  and  collision  frequenices.  The  procedure,  using  long  path  propaga¬ 
tion  mea3ur  "tents,  attempts,  to  determine  the  ionospheric  conductivity  profile  indirectly  by  comparing 
fields  calculated  with  the  waveguide  computer  program  to  the  measured  fields.  The  ionospheric  profile 
input  to  tlie  waveguide  calculations  is  varied  until  acceptable  agreement  with  measurement  is  readied. 

For  propagation  at  vlf/lf  during  ambient  conditions,  only  the  electron  density  distribution  need  be  con¬ 
sidered  in  calculations.  The  ion  distribut ionr  may  be  neglected.  For  thia  iono.  nhctii:  model,  the  conduc¬ 
tivity  parameter  (wr)  is  a  function  of  the  electron  density  divided  by  the  electron-neuti*al  particle 
collision  frequency.  One  of  the  simplest  ionospheric  profiles  is  an  exponential  variation  of  conductivity 
with  height.  It  can  be  specified  by  only  two  parameters,  scale  height  and  reference  height.  Following 
Wait  and  Spies  (1964)  the  conductivity  parameter  u>r(h)  is  taken  to  be  of  the  form  ui  (h)  =  2.5  x  10^  exp 
(0(h-HM),  where  h  is  the  ionospheric  height,  0  is  a  gradient  parameter  in  inverse  height  units  and  H'  i:; 
1  reference  height-  The  vtlue  of  the  electron  density  N  (h),  in  electrons/cubic  centimeter,  is  calculated 
as  a  function  of  height,  h  in  kilometers  by  the  equation  N(h>  1.43  x  107  exp  (P(h-H')  -G.15h)  where  0 
is  in  km"1  and  H'  is  in  km.  The  collision  frequency  is  given  by  v(h)  -  1.82  x  1011  exp  (-0.15h),  where  v 
is  the  number  of  collisions  per  second. 

The  process  of  varying  the  ionospheric  model  (i.e.  the  valuer,  of  0  and  H'),  calculating  fields  and  compar¬ 
ing  the  calculations  with  measurements  is  greatly  facilitated  by  the  use  of  these  exponential  profiles. 
The  usefulness  of  this  simple  ionospheric  model  is  a  result  of  its  ease  of  application  and  its  success  in 
modeling  experimentally  measured  data  as  demonstrated  by  nickel  et  al.  f197o),  Morfitt  (1977)  and  Ferguson 
(  1980).  The  most  usable  measured  data  are  collected  at  a  large  number  of  points  along  a  great-,  circle 
propagation  path  which  includes  the  transmitter.  The  easiest  way  to  collect  such  data  is  aboard  jn 
aircraft. 


Ir.  general,  the  ionospheric  models  determined  from  the  above  procedure  must  be  considered  to  represent  an 
averaged  ionosphere  since  the  modeling  assumes  that  the  ionosphere  was  static  during  any  aircraft  flight 
period.  The  data  fitting  procedure  attempts  to  find  a  calculated  pattern  of  amplitude  as  a  function  of 
distance  which  agrees  with  the  large  scale  pattern  of  the  measured  data.  Thus,  many  small  amplitude  vari¬ 
ations  are  averaged.  It  is  possible  chat  profiles  of  more  complex  forms  than  the  exponential  could  be 
found  to  produce  a  better  fit  to  measured  data  in  some  instances,  but  since  the  propagation  paths  con¬ 
sidered  are  quite  long,  any  profile  determined  to  produce  a  best  fit  to  the  data  is  really  an.  average 
profile  for  the  total  path* 

Some  exponential  profiles  are  illustrated  in  Figure  2  for  daytime  conditions  and  in  Figure  3  for  nighttime 
conditions.  The  daytime  curves  are  compared  in  Figure  2  to  that  derived  by  Bain  and  Harrison  ( 1972)  for 
summer  during  sunspot  maximum  conditions.  The  nighttime  curves  are  compared  in  Figure  3  to  that  of  Thomas 
and  Harrison  (1970). 

Field  strength  levels  produced  from  waveguide  multimode  computations,  using  various  values  of  the  6  ind  H' 
parameters  of  t.he  electron  density  profile,  are  compared  to  experimentally  recorded  long  path  propagation 
data.  These  data  have  been  obtained  by  recording  signals  from  the  vertically  polarized  transmitters: 
(NSS)  Annapolis,  Maryland;  (NAA)  Cutler,  Maine;  (NI.K)  Jim  Creek,  Washington;  (NPM)  Lualualei,  Hawaii; 
(WWVIi  and  WWVb)  Fort  Collins,  Colorado;  (GYN)  Preston,  Eng] and;  (GBR)  Rugby,  England  and  the  NOSC  -  10 
frequency  sounder,  Hilo,  Hawaii.  The  comparisons  between  the  waveguide  computations  and  the  experimental 
data  are  illustrated  in  plots  of  the  vertical  electric  field  against  propagation  distance.  These  plots 
show  a  vertical  scale  with  dB  above  one  microvolt  per  meter,  normalized  to  one  kilowatt  of  radiated  power 
( dB/pV/m/kW) .  The  horizontal  scale  is  in  me game ter s,  Mm,  from  the  transmitter  ( 1  Mm  =  1000  km). 

4.1  Daytime  Propagation  in  the  pacific 

Figure  4  shows  the  comparison  between  fields  as  computed  by  the  NOSC  waveguide  program  and  data  recorded 
aboard  an  inflight  aircraft  in  June  1965.  The  Figure  illustrates  that  the  profile  B  -  0.5  km-^,  H1  =  70 
km  (or  B  =  0.5,  H*  «  70)  gives  signal  levels  in  close  agreement  with  recorded  data.  Figure  5  gives  a 
summary  of  other  comparisons  using  this  profile  with  data  recorded  at  various  frequencies  for  propagation 
over  midlatitude  seawater  paths  in  the  summer.  Tnese  data  were  all  recorded  at  times  of  sunspot  minimum. 
Propagation  measurements  were  also  made  on  2  and  3  February  1974.  Vlf/lf  (10-61)  kHz)  signals  were 
recorded  aboard  an  inflight  aircraft  at  an  altitude  of  9  km  (3O,(JU0  ft)  as  it  flow  between  Hawaii  and 
Southern  California.  The  signals  were  transmitted  and  recorded  by  the  NOSC  mul.tif requency  sounder. 
Figures  6  and  7  show  the  experimental  data  values  and  corresponding  calculated  fields.  The  results  indic¬ 
ate  that  the  summer  electron  density  profile,  (0  =  0.5,  H’  -  70),  needs  to  be  replaced  by  a  profile  with  B 
-  0.3  and  II’  =  72-75  for  daytime  propagation  over  the  pacific  during  winter.  These  data  were  also 
recorded  during  sunspot  minimum.  The  fact  that  the  best-fit  profiles  for  the  aircraft  flights  of  2 
February  and  3  February  are  not  the  same  illustrates  the  variability  of  daytime  ionospheric  propagation. 

4.2  Daytime  propagation  Across  the  Continental  United  States 

Data  obtained  from  propagation  measurements  carried  out  across  the  continental  US  during  daytime  transmis¬ 
sions  are  also  examined.  Aircraft  measurements  recorded  by  NOSC  in  June  of  195B  during  sunspot  maximum 
ar«-  shown  in  Figure  8.  It  is  of  Interest  to  note  that  while  the  profile  (8  =  0.5,  H1  70)  provided  good 
fits  to  summer  propagation  data  recorded  over  the  Pacific  Ocean,  the  profile  (B  ~  0.3,  H1  “  72)  tends  to 
simulate  the  signal  levels  )>ettcr  for  propagation  over  this  continental  path.  other  daytime  measurements 

of  vlf/lf  propagation  data  have  been  carried  out  by  Morgan  (1966).  The  me  a  uu  red  values  were  made  on  nine 

radials  extending  outward  from  transmitters  located  at  Fort  Collins,  Colorado.  The  transmitter  frequen¬ 
cies  wore  20  kHz  (WWVL)  and  60  kHz  (WWVB).  These  measurements  were  made  from  ground  vehicles  at  various 
positions  along  each  radial.  The  data  wore  obtained  during  September  and  October  in  1964  and  1965.  These 
were  times  of  sunspot  minimum.  Figure  9  illustrates  the  comparison  between  data  recorded  at  60  kHz  on  the 
radial  to  Palm  Beach,  Florida.  The  profile  (fl  =  0.5,  H‘  -^70)  does  not  describe  the  measured  fields.  The 
profile  (8  -  0.3.  H*  =  72)  gives  signal  levels  which  ate  in  much  ber.ter  agreement  with  data.  Comparisons 

between  calculation  and  measurement  for  all  of  the  Morgan  radials  at  both  20  and  60  kHz  show  that  the 

profile  (p  =  0.3,  H*  *  72)  gives  very  good  agreement  i:i  almost  all  cases  (Morfitt,  1977). 

4.J  Daytime  Propagation  aver  the  Greenland  Ice  Cap 

Experimental  measurements  at  4j  kHz  have  been  obtained  by  Burgess  in  July  1970  aboard  an  inflight  aircraft 
over  Greenland  during  sunspot  maximum  conditions.  These  transmissions  originated  in  England.  Comparison 
of  these  field  strength  measurements  to  computed  field  strength  predictions  is  shown  in  Figure  ID.  The 
profile  (3  -  0.3,  H1  "  72)  was  used  as  input  to  the  mode  conversion  calculations  for  simulating  the 

measured  data. 

4.4  Propagation  through  the  Terminator 

Fixed  site  rrteasurements  were  made  during  sunrise  conditions  on  the  Hawaii  to  Southern  California  path  over 
a  four  day  period  In  October  1968.  This  was  e  time  of  sunspot  maximum.  The  transmitter  was  the  NOSC 
multifrequency  sounder.  Figure  11  \ llust rates  tne  field  strength  calculations  as  compared  to  experimental 

measurements  (Pappcrt  and  Morfitt,  1975).  The  mode  conversion  result  simulates  the  data  much  better  than 
that  of  WKH.  The  modeling  was  done  arsuming  the  daytime  profile  war.  (B-;0.3,  H*  -  70)  and  the  nighttime 
profile  was  taken  as  (8  ”  0.5,  H'  =  86). 

4.5  Nighttime  Propagation  in  the  Pacific 

To  examine  the  characteristics  of  vlf  signal  strengths  for  propa nation  during  nighttime  conditions, 
measurement-  were  made  aboard  inflight  aircraft,  at  an  altitude  of  3  km  (10,000  ft),  during  January  and 
February  .  This  was  at  time  of  sunspot  maximum.  One  of  the  signals  monitored  was  NPM,  Hawaii  on  23. a 

kHz,  Tiie  i  opagatinn  paths  originated  from  Hawaii  and  terminated  at  Seattle,  Washington;  Ontario,  Calif¬ 
ornia;  Samoa  and  Wake  Island.  Results  presented  by  nickel  et  al.  (  1970)  showed  that  a  profile  wit.u  (II 
0.5,  H'  =  85. V*ft7J  would  match  the  NPM  data  very  well  for  the  first  two  paths.  The  Samoa  path  was  modeled 
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to  sonv2  degree  by  the  ( II '  “  85.5)  profile  but  the  WK8  methods  were  required  because  of  the  rapid  change 
of  magnetic  parameters  with  distance.  The  wake  Island  data  could  not  be  modeled  because  the  ionosphere 
was  apparently  changing  with  time. 

Propagation  data  were  also  recorded  during  the  February  1969  flights  using  the  NOSC  multifrequency 
sounder.  Ten  vlf  frequencies  were  transmitted  and  recorded.  These  were  approximately:  9.3,  10.9,  14.0, 
15.6,  17.1,  21.8,  24.9,  26.5,  28.0  and  31.2  kHz.  Comparisons  between  waveguide  predictions  and  some  of 
the  multifrequency  sounder  data  are  shown  in  Figure  12  for  the  Hawaii  to  Ontario,  California  path.  Here 
it  is  observed  that  the  profile  (6  »  0.5,  H*  **  87)  represents  these  measured  fields  very  well  at  14. U, 
17.1  and  21.8  kHz..  A  somewhat  modified  profile  would  be  required  to  obtain  better  fits  to  the  data  at 
10.9,  24.9  and  28  »0  kHz.  Results  of  calculations  based  on  other  choices  of  the  0,  H'  conductivity  param¬ 
eters  show  that  the  required  profile  is  found  to  vary  with  propagation  frequency.  At  9.3  kHz  the  values 
are  (0  »  0.35,  H'  =  87)  while  at  31.1  kHz  the  values  are  (0  -  0.6,  H*  =  88). 


In  an  attempt  to  obtain  more  definitive  nighttime  propagation  data  for  the  10-60  kHz  frequency  range, 
additional  measurements  were  taken  on  30  January  and  1  February  1974  over  the  Hawaii  to  Southern 
California  path.  The  propagated  signal  were  transmitted  hy  the  NOSC  multifrequency  sounder.  These 
sounder  data  w  re  recorded  aboard  an  inflight  aircraft  at  an  altitude  of  9  km  (30,000  ft).  This  was  a 
time  of  aunspww  .dnimum.  Comparisons  between  calculations  and  the  multifrequency  sounder  data  are  shown 
in  Figures  13  and  14.  The  profiles  determined  to  give  best  fit  to  the  data  of  Figure  13  show  values  of  (0 
-  0.3-0. 7)  with  (H*  -  88-89).  For  Figure  14  the  values  are  (0  “  0-3-1. 2)  and  (H1  *  87-88),  It  is  of 
interest  to  note  that  the  best  fit  exponential  profile  varies  with  propagation  frequency.  As  the  fre¬ 
quency  is  increased,  the  value  of  the  conductivity  gradient  is  found  to  increase.  The  reference  height 
parameter  H* ,  however,  is  found  to  remain  somewhat  constant  at  the  higher  frequencies. 

The  electron  density  profiles  determined  to  fit  both  the  7  February  1969  data  (Figure  12)  and  the  1974  data 
from  1  February  (Figure  13)  appear  to  follow  a  similar  relationship  between  propagation  frequency  and  the 
profile  gradient  parameter  0.  In  the  case  of  the  aircraft  flight  on  30  January  1974.  (Figure  14),  the 
recorded  data  tend  to  require  a  larger  value  of  0  in  order  to  produce  an  acceptable  fit  to  the  field 
strength  levels.  The  explanation  foi  the  differences  in  best-fit  electron  density  profile  between  the  30 
January  and  the  1  February  data  is  not  known. 

4.6  Nighttime  Propagation  Over  the  Continental  United  States  and  Higher  Latitudes 

Data  from  fixed  vlf  transmitters  over  propagation  paths  other  than  the  Hawaii  to  Southern  California  path 
have  been  examined  by  Ferguson  (1980).  These  data  were  co  lected  on  twenty-eight  higher  latitude  paths 
during  aircraft  flights  in  1957,  1969  and  1974-1977.  Figure  15  shows  one  example  of  these  measurements 
giving  the  results  of  "best-fit'*  fields  for  flights  between  NLK  and  NSS  during  the  winter  of  1969.  This 
was  a  time  of  sunspot  maximum.  The  best  fit  for  these  data  gave  values  of  (0  -  0.6,  H'  -  76-82).  These 
values  for  H*  are  remarkable  since  the  nominal  range  of  H*  for  nighttime  data  at  lower  latitudes  is  86-89 
km.  These  data  indicate  a  disturbance  of  the  ionosphere.  The  76  km  value  is  nearly  as  low  as  the  nominal 
daytime  range  of  70-74  km.  The  available  data  suggest  that  the  boundary  of  the  very  low  values  of  H'  is 
In  the  vicinity  of  7  0°  magnetic  dip.  For  propagation  paths  at  latitudes  south  of  this  70®  dip  line,  the 
previously  determined  H'  of  87  km  is  found. 


The  results  obtained  by  Ferguson  over  the  higher  latitude  paths  are  consistent  with  those  ol‘  Westerlund 
and  Reder  (1973)  for  a  very  short  path  (350  km)  from  omega,  Norway  to  Kiruna,  Sweden.  Values  of  H*  lower 
than  the  middle-latitude  nighttime  profile  indicate  a  source  of  ionization  not  present  at  low  latitudes. 
A  likely  source  Cor  this  additional  ionization  is  particle  precipitation  (Gough  and  Collins,  1973).  In  a 
study  to  coordinate  satellite  measurements  of  electron  fluxes  and  ground-based  measurements  of  D-region 
ionization,  Larsen  et  al.,  (1976)  showed  that  precipitat 1 ng  electrons  can  be  the  dominant  source  of  ioni¬ 
zation  at  D-region  heights.  The  satellite  results  clearly  indicate  that  the  southern-most  boundary  of  the 
precipitation  varies  from  day  to  day.  In  one  instance  the  minimum  detectable  flux  level  was  exceeded  at  a 
magnetic  latitude  of  about  57°  (magnetic  dip  at  the  ground  =  72®).  The  electron  flux  increased  to  a 
plateau  at  about  61®  (dip  -  74. 5:).  In  anotner  instance  this  transition  took  place  about  44®  (dip  - 
62.5°)  to  48°  (dip  65.8°).  In  both  instances  the  transition  region  is  about  4°  of  magnetic  latitude. 
These  observations  «.  re  used  in  establishing  a  tentative  geophysical  model  for  propagation  ealeui  ations. 
Latitudes  north  of  i  lie  transition  region  were  called  high  latitudes.  The  propagation  paths  examined  by 
Ferguson  included  some  flights  within  the  transition  region  and  others  totally  within  the  high  latitudes. 


Analysis  of  the  long  path  data  measurements  suggests  the  following  table  of  exponential  electron  density 
profiles  for  vlf/lf  propagation  prediction,  Morfitt  (1977)  and  Ferguson  (1980). 

Table  1.  Suqqested  profiler*  based  on  long-path  Vlf/lf  propagation  data. 

(Frequencies,  F,  are  in  kHz) 
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5.  PROFILES  FROM  TIIE  LITERATURE 

Observations  of  the  o-region  have  been  made  at  scattered  stations  since  1948,  Methods  used  for  these 
observations  include  partial  reflection,  rockets,  wave  interaction,  vlf/lf  reflection  and  incoherent 
scatter.  Examination  of  the  available  literature  pertaining  to  D-region  electron  density  profiles  illus¬ 
trates  the  enormous  complexity  of  the  situation.  The  aeronomy  of  the  region  is  very  complex  and  is  not 
completely  understood.  There  is  also  the  complicated  dependence  of  the  electron  density  on  such  environ¬ 
mental  conditions  as  latitude,  solar  zenith  angle  and  season. 

There  are  several  reviews  of  measurements  and  resulting  electron  density  profiles  [Thomas,  1974?  Thrane, 
1974)  Belrose  and  Segal,  1974?  and  Sechrist,  1974]  .  The  literature  is  so  vast  and  the  experimental 
results  so  scattered  throughout  that  it  js  difficult  to  obtain  a  coherent  picture  of  the  situation. 

There  have  been  many  attempts  to  determine  an  applicable  electron  desity  from  propagation  measurements. 
One  of  the  more  successful  results  was  obtained  by  Bain  and  HarriBon  (1972).  They  found  an  electron 
density  profile  which  fit  16  kHz  data  in  England  for  sunspot  maximum  conditions  during  summer. 

Some  investigators  have  attempted  to  produce  a  series  of  D-region  electron  density  profiles  which  would 
describe  the  ionosphere  for  daytime  and  nighttime  conditions.  In  the  determination  of  these  profiles,  the 
effects  of  different  solar  activities,  season,  solar  zenith  angle  and  geographical  latitude  were  included. 
The  most  notable  results  have  been  (Deeks,  1966;  Krashushkin  and  Khyazeva,  1970?  Bain,  1974?  Davis  and 
Berry,  1977?  Rawer  et  al.  ,  1978?  and  McNamara,  1979],  All  of  these  procedures  have  met  with  varying 

degrees  of  success. 

5.1  The  Davls-Rerry  Exponential  Model 

The  Davis  and  Berry  (1977)  model  of  the  electron  density  profile  of  the  ionospheric  D-region  is  an  attempt 
to  systematize  exponential  profiles  derived  from  experimental  observations.  A  total  of  570  electron  den¬ 
sity  profiles  were  used  in  the  analysis.  About  40%  of  the  total  number  ere  from  Ottawa,  Canada?  wallops 
Island,  Virginiaj  or  University  Park,  Pennsylvania  which  are  fairly  clo  „  together  (on  a  global  scale). 
Very  few  were  from  latitudes  greater  than  70° ,  and  the  majority  of  measurements  were  made  during  the 
daytime.  The  range  of  sunspot  numbers  from  10  to  125  is  well  represented  in  the  data. 

The  model  takes  into  account  solar  zenith  angle,  solar  cycle,  seasonal,  latitudinal  and  magnetic  activity 
variations.  Their  assumption  is  that  for  the  purpose  of  predicting  vlf/lf  propagation,  the  variation  of 
electron  density  with  height  can  be  represented  by  the  exponential  relationship  N(h)  *  NQ  exp( a(h-H* ) ) , 
where  NQ  ■  electron  density  at  come  reference  height,  II'  and  a  =*  scale  height. 

They  show  how  to  obtain  NQ,  H'  and  a  from  a  given  electron  density  profile,  a3  found  in  the  literature, 
and  an  assumed  collision  frequency  profile.  These  parameters,  a  and  II'  were  subjected  to  a  multiparameter 
linear  regression  analysis.  The  resultant  expressions  from  this  approach  give  the  reference  height,  H'  in 
the  form  H*  ~  a  +  b  x  (zenith  angle)  +  c  x  (latitude)  +  d  x  (solar  activity)  +  e  x  (month)  t  f  x  (magnetic 
index).  The  scale  height,  a,  is  of  the  form  a  =  a  +  b  x  (zenith  angle)  x  c  (month)  +  d  x  (magnetic 
index).  The  model  is  not  a  function  of  the  propagation  frequency. 

The  exponential  profile  notation  can  be  related  to  the  ft  and  H'  notation  described  earlier  by  ft  =  a  + 
0.15,  Calculations  for  B  and  H1  at  noon  and  midnight  for  summer  and  winter  at  sunnpot  minimim  and  midlat¬ 
itude  conditions  illustrate  that  the  daytime  values  compare  favorably  with  those  determined  from  long  path 
data.  For  nighttime  the  vaues  of  H*  are  too  small.  At  higher  latitudes  the  nighttime  exponential  pro¬ 
files  derived  empirically  by  Ferguson  (19RU)  aid  not  reproduced  by  the  pavis-Berry  model. 

5.2  The  McNamara  Model 

Davis  and  Berry's  set  of  electron  lenr,  ity  profiles  has  been  extended  by  McNamara  (1979)  to  include  a  tota  L 
oF  700  experimental  profiles.  These  have  all  been  digitized  and  made  completely  computer  accessible. 
Each  profile  lias  associated  with  it  the  following  conditions  of  its  observation?  year,  month,  day,  local 
time,  smoothed  monthly  sunspot  number,  latitude,  longitude,  method  of  observation,  an  index  of  magnetic 
activity,  and  a  special  case  parameter.  This  last  parameter  Indicates  whether  the  profile  was  obtained 
under  normal  conditions  or  under  conditions  such  as  eclipses,  auroral  absorption  events,  and  so  un.  The 
procedure  developed  by  McNamara  uses  the  extended  set  of.  profiles  and  a  multiple  linear  regression  tech¬ 
nique  to  provide  a  model  of  the  electron  density  at  heights  from  55  thrnuqh  90  km  in  steps  of  5  km.  The 
McNamara  model  gives  electron  densities,  at  each  height,  in  the  form  log^N  -  a  +  b  x  (zenith  angle)  +  c  x 
(latitude)  +  cl  x  (solar  activity)  +  e  x  (season)  t  f  x  (magnetic  index).  The  exact  form  of  each  of  the 
contributing  terms  is  chosen  so  an  to  be  physically  realistic,  to  linearize  the  regression  equation,  and 
to  minimize  the  standard  deviation  of  each  coefficient.  It  is  assumed  that  the  terms  in  the  expansion  are 

independent.  The  McNamara  model  differs  from  that  of  Davis  and  Berry  in  that  the  resulting  profiles  are 

not  restricted  to  the  exponential  form.  Results  of  comparing  calculations  using  the  McNamara  profiles  to 
measured  delta  are  shown  in  Figures  16  and  17  for  daytime  and  nighttime  conditions.  The  daytime  prediction 
is  favorable  while  the  nighttime  agreement,  is  poor.  More  examples  need  to  be  examined,  however,  to  pro¬ 
vide  For  a  Full  test  of  this  model. 

5.3  The  International  Reference  Ionosphere  1978 

The  "International  Reference  Ionosphere"  project  (Rawer  et  al.  ,  1980)  in  a  joint  tJUSI  and  COSPAR  effort 

began  in  19ov *  It.  is  intended  to  summarize  the  most,  important  features  of  the  terrestrial  ionos¬ 

phere.  The  Hi  Is  intended  to  combine  approved  experimental  results  consisting  of  in  situ  rocket  observa¬ 
tions  combined  with  radio  propnu.it  i  «>n  experiments  between  the  ground  and  the  rocket,  so  as  to  provide  a 
'i,v,riu  iui.i..;pin  ilc  reference  with  no  dependence  r>n  theoretical  assumptions.  The  IHI  prol' 'jinn  are  obtained 
from  computer  models  composed  of  ,i  set  of  independent  functions,  each  valid  in  a  particular  height  range, 
represent l rig  averages  of  measured  ionospheric  parameters. 
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The  following  analysis  is  taken  from  Snyder  and  Ferguson  (1981).  Table  1  gives  a  set  of  exponentially 
varying  D-region  electron  density  profiles  recommended  for  computing  vlf/1  f.  field  strengths  for  long  path 
propagation.  Some  of  the  vlf  propagation  data  used  to  construct  Table  1  are  used  to  examine  the  IRI 
model.  For  daytime,  one  propagation  path  was  from  NPM  (Hawaii)  to  San  Francisco,  California  during  the 
summer  of  1965  with  a  smoothed  spot  number  of  20  •  This  data  is  shown  in  Figure  5.  A  second  daytime 
propagation  path  was  from  Hawaii  to  San  Diego,  California  during  the  winter  of  1974  with  a  smoothed  sun¬ 
spot  number  of  20.  The  transmitter  for  this  case  was  the  NOSC  multifrequency  sounder  located  at  Hilo, 
Hawaii,  These  data  are  shown  in  Figures  6  and  7.  For  nighttime,  one  propagation  path  was  from  Hawaii  to 
San  Diego,  California  during  the  winter  of  1974  with  a  smoothed  sunspot  number  of  20.  This  data  is  shown 
in  Figure  13.  A  second  nighttime  propagation  path  was  from  Hawaii  to  Ontario,  California  during  the 
winter  of  1969  with  a  smoothed  sunspot  number  of  120.  This  data  is  shown  in  Figure  12.  In  both  nighttime 
cases,  the  transmitter  was  the  NOSC  multifrequency  sounder.  All  signal  amplitudes,  for  daytime  and  for 
nighttime,  were  recorded  aboard  an  airplane  flying  between  the  transmitter  and  tha  path  end  points. 

Two  electron  density  profiles  for  the  NPM  to  San  Francisco  path  are  shown  in  Figure  18a.  Both  the  IRI-78 
and  the  exponentially  varying  profile  (3  *  0*5,  H'  =  70)  are  included.  A  plot  of  the  ionospheric  conduc¬ 
tivity  parameter,  o>r,  is  shown  in  Figure  18b  for  both  the  IRI  and  the  exponential  profiles.  The  conduc¬ 
tivity  parameters  differ  considerably  throughout  the  height  range  presented.  However,  they  are  nearly  the 
same  in  the  vicinity  of  the  reference  height  for  the  exponential  profile.  It  is  this  similarity  in  the 
height  range  near  the  reference  height  that  will  result  in  nearly  identical  mode  sums  for  the  two 
profiles. 

Figure  19  shows  the  measured  and  computed  daytime  vlf  fjeld  strengths  for  the  NPM  to  San  Francisco  propa¬ 
gation  path  at  19.8  and  24.0  kHz.  For  this  low  sunspot  number,  summer  case,  there  is  excellent  agreement 
between  the  computed  and  experimentally  measured  results.  The  signal  amplitudes  differ  by  only  a  few  dB , 
except  at  the  null  locations.  Furthermore,  the  null  locations  are  in  agreement  to  within  100  to  200  km. 
The  computed  and  measured  daytime  amplitudes  for  the  multifrequency  sounder  to  San  Diego  propagation  path 
are  shown  in  Figure  20»  For  this  case,  vlf  signals  were  measured  on  two  flights  of  the  airplane  on  con¬ 
secutive  days,  one  flying  from  San  Diego  area  towards  the  sounder  location  and  the  other  flying  in  the 
opposite  direction.  The  season  for  this  case  is  winter  rather  than  summer,  although  the  sunspot  number  is 
the  same  as  for  the  data  in  Figure  19.  The  difference  between  the  two  sets  of  measured  amplitudes  is  an 
indication  of  the  daily  variability  of  the  vlf  signal  strengths  as  a  function  of  distance.  The  best 
agreement  between  computed  and  measured  amplitudes  is  for  the  lower  frequency.  There  is  relatively  poor 
agreement  for  the  higher  frequencies. 

Comparisons  of  the  measured  and  computed  field  strengths  for  the  nighttime  ban  Diego  path  are  shewn  in 
Figure  21  and  for  the  Ontario  path  in  Figure  22.  A  striking  feature  of  both  Figure  21  and  22  is  the 
almost  total  lack  of  similarity  between  the  computed  and  uv:asured  field  strengths.  In  general,  there  is 
no  similarity  in  null  locations  or  the  amplitudes.  The  measured  data  are  typically  10  to  20  dB  lower  than 
the  computed  amplitudes. 

In  view  of  the  results  presented  in  the  foregoing  sections,  no  attempt  was  made  to  determine  an  improved 
set  of  parameters  for  the  daytime  IRI-78  profiles.  Some  limited  data  have  been  examined  (although  not 
presented)  which  indicate,  that  the  IPI-78  L>-region  model  mry  be  inadequate  for  long  path  vlf  field 
strength  calculations  under  conditions  of  high  sunspot  number.  It  should  also  be  recalled  that  the  simple 
model  of  the  IRI-78  profiles  is  inadequate  to  provide  a  good  fit  to  daytime  vlf  propagation  data  over  a 
large  frequency  band  as  has  been  indicated  in  the  multif requenev  sounder  to  San  Diego  analysis. 

The  IRI-78  profile  model  has  been  shown  to  be  inadequate  for  computing  long  path  vlf  signals  for  nighttime 
conditions,  at  least  for  the  winter  season.  Measured  data  for  nighttime  conditions  for  two  different  sun¬ 
spot  numbers  indicate  a  sunspot  dependence  in  the  ionospheric  profile.  The  IRI-78  model  does  not  reflect 
a  similar  dependence.  Numerous  modifications  to  the  parameters  of  the  IRI-7B  nighttime  model  were 
examined  in  an  attempt  to  find  a  reasonable  set  of  parameters  for  vlf  long  path  nighttime  propagation 
modeling.  The  procedure  adopted  was  to  start  with  the  parameters  for  the  IKI-78  and  modify  certain 
individual  parameter  in  small  steps  attempting  to  approach  a  bet  er  agreement  between  the  computed  and 
measured  field  strengths.  The  results  of  such  modifications  in  e'ery  case  lead  to  a  set  of  parameters 
which  produced  electron  densities  similar  to  the  exponential  elect ; on  densities  of  table  1.  Therefore, 
the  IRI-78  nighttime  D-rc  on  electron  densities  are  found  to  be  generally  too  large,  a  result  just  the 
opposite  of  that  reported  Singer  et  al.  (1980). 

6.  CONCLUSION 

Several  procedures  that  are  used  to  infer  ionospheric  elecLron  density  profiles  have  been  examined. 
Resulting  profiles  have  been  input  to  a  computer  program  that  computes  signal  levels  versus  propagation 
distance.  Field  strength  values  obtained  are  compared  to  long  path  propagation  data.  It  is  found  that  a 
proper  choice  of  exponential  profile  tends  to  produce  field  strength  levels  that  simulate  the  experimental 
data  somewhat  better  than  the  comparison  determined  by  the  use  of  profiles  taken  from  the  models  of  Davis- 
Berry,  McNamara  or  the  IRI-78.  This  observation  is  especially  true  fur  propagation  during  nighttime. 
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SUMMARY 


Propagation  at  ELF  and  VLF  in  the  earth's  waveguide  occurs  principally  between  the  ground  and  that  part  of 
the  ionosphere  between  20  and  120  km.  An  attempt  has  been  made  t  •  model  the  ion  and  electron  concentra¬ 
tions  and  the  electrical  conductivity  in  this  portion  of  the  ionospheric  media  during  ambient  and  solar 
disturbance  periods.  Based  on  an  evaluation  of  recent  data  a  new  ambient  daytime  electron  density  profile 
is  proposed  for  ELF/VLF  propagation  studies.  Several  solar  particle  events  (SPE)  ranging  from  moderate  to 
intense  in  magnitude  and  differing  in  spectral  hardness  have  been  modeled  using  satellite,  balloon  and 
ground-based  data  to  define  the  source  terms  and  in  some  cases  the  electron  density  profiles.  A  time 
dependent  ion/neutral  chemistry  computer  code  has  been  used  to  calculate  the  resulting  ion,  electron  and 
conductivity  profiles  in  a  manner  that  is  consistent  with  the  measurements.  During  intense  SPE's  it  is 
shown  that  the  conductivity  at  40  km,  a  height  critical  to  ELF  propagation,  can  be  increased  over  200 
times.  The  sensitivity  of  ELF  propagation  at  75  Hz  across  a  transpolar  path  between  the  United  States  and 
Norway  to  these  enhanced  conductivity  profiles  as  veil  as  to  varying  diurnal  conditions  has  been  evaluated 
using  available  electromagnetic  propagation  codes.  It  is  shown  that  during  daytime  conditions  in  an 
intense  SPE  the  effective  bottom  of  the  ionosphere  is  lowered  from  an  ambient  52  km  altitude  to  between  33 
and  40  km,  depending  on  the  intensity  of  the  event.  The  corresponding  top  of  the  ionosphere  where  ELF 
reflection  ultimately  occurs  is  also  lowered  from  90  km  to  between  58  and  65  km.  The  principal  attenuation 
occurs  near  the  bottom  of  the  ionosphere  in  the  height  range  20  -  40  km  where  the  waves  suffer  ohmic 
dissipation  with  the  dominant  ion  population.  A  secondary  loss  occurs  near  the  top  of  the  ionosphere  due 
to  ohmic  dissipation  with  the  enhanced  electron  density.  In  a  typical  transpolar  link  the  signal  strength 
in  an  intense  SPE  is  calculated  to  be  attenuated  by  5  to  8  dB  over  ambient  conditions.  Differing  ion  and 
electron  profiles  along  the  propagation  path  due  to  varying  diurnal  conditions  can  result  in  up  to  3  dB 
difference  in  the  received  signal  strength.  The  ionospheric  modeling  provides  the  basis  for  future  field 
experiments  with  ELF  propagation  under  solar  particle  disturbed  conditions. 

1 .  INTRODUCTION 

The  propagation  of  extremely  low  frequency  (ELF)  waves  in  the  earth's  ionospheric  cavity  is  subject  to 
nighttime  amplitude  attenuations  of  several  dB  (Davis  1974,  1976;  Davis  and  Meyers,  1975;  Larsen,  1974), 
some  of  which  are  believed  to  be  of  ionospheric  origin,  but  the  causes  and  effects  are  not  understood  at 
present.  These  anomalies  result  both  from  signal  absorption  and  from  changes  in  excitation  of  the  waves 
into  the  propagation  medium,  a  wave-guide  formed  by  the  earth  and  the  lower  Ionosphere.  The  conditions  of 
the  ionosphere  are  subject  to  major  day/ni^ht  differences  and  indeed  the  ELF  signal  strengths  do  display 
diurnal  variations.  Calculations  of  ELF  transmissions  have  shown  that  the  signal  strengths  may  depend  in  a 
complex  manner  oil  the  ionization  profiles  in  the  waveguide.  The  conductivity  of  the  ea- th  depends  on 
whether  the  propagation  is  over  rock,  sea  water,  ice  cap,  etc.  The  conductivity  of  the  atmosphere  depends 
on  the  deposition  of  ionizing  particles  in  the  atmosphere  by  cosmic  rays,  solar  protons  and  electrons  and 
magnetospheric  electrons  and  x-rays  from  the  sun  (gee  Imhof  et  al.,  1981). 

Successful  correlation!-  between  anomalous  ELF  signal  strengths  and  the  presence  of  precipitating  electrons 
in  the  waveguide  have  been  established  (Imhof  et  al.,  1976;  Reagan  et  al.,  1978).  The  conclusions  drawn 
from  these  coordinated  measurements  are  that  the  signal  strengths  may  be  either  attenuated  or  enhanced 
depending  upon  the  geometry  and  details  of  the  Ion  and  electron  density  profiles  that  result  from  magneto- 
spheric  electron  precipitation  into  the  ionosphere.  The  spatial  features  and  the  teroporal/spuLial/spectral 
fluctuations  of  the  energetic  electron  precipitation  are  highly  variable  making  the  ionospheric  modeling  of 
this  disturbance  difficult. 

In  contrast  to  electron  precipitation  energetic  proton  precipitation  at  high  latitudes  during  solar 
particle  events  (SUE)  is  more  uniform,  spatially  extended,  and  more  temporally  stable.  In  this  paper  the 
efforts  at  modeling  the  ion  and  electron  concentrations  and  the  electrical  conductivity  in  the  ionosphere 
between  25  and  120  km  altitude  during  several  SPE's  will  be  presented.  The  approach  is  to  start  with  an 
ionospheric  model  for  ambient  daytime  and  nighttime  conditions  against  which  disturbed  conditions  can  be 
compared.  Based  on  the  analysis  of  recent  experimental  data  it  is  proposed  that  a  new  daytime  ambient 
ionosphere  profile  be  adopted  for  ELF/VLF  propagation  studies. 

The  SPE's  of  1 2  November  1960,  4  August  1972  and  3  November  1969  have  been  analyzed.  A  combination  of 
satellite,  balloon  and  rocket  data  have  been  used  to  define  the  solar  proton  spectra  Incident  on  tbc 
atmosphere  during  these  events-  From  these  data  ion  production  rate  profiles  in  the  atmosphere  have  been 
derived.  In  the  case  of  the  4  August  1972  and  3  November  1969  SPE's,  extensive  correlative  data  on  the  in 
oitu  electron  and  ion  densities  are  also  available  from  ground-based  radar  and  direct  rocket  measurements. 
These  cr  relative  data  have  enabled  us  to  develop  and  test  a  comprehensive  one-dimensional,  time-dependent 
chemistry  program  that  couples  the  complex  ion  and  neutral  reactionn  in  a  fast  running  computer  code.  The 
chemistry  code  allows  us  to  predict  tbc  ion,  electron  and  conductivity  profiles  for  any  diurnal  and 
seasonal  condition  based  on  a  given  ion  production  rate  profile. 
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The  code  enables  us  to  model  the  diurnally  varying  ionospheric  conditions  over  a  long  distance  transpolar 
KI.F  path.  The  ion  and  electron  density  profiles  derived  in  this  manner  have  been  input  to  electromagnetic 
propagation  codes  that  predict  the  signal  attenuation  at  ELF.  Long  propagation  paths  have  been  segmented 
to  treat  varying  ground  conductivity  and  ionospheric  conditions  (see  Larsen  et  al.,  1981).  It  must  be 
emphasized  that  no  transpolar  ELF  propagation  experiments  during  SPE  conditions  have  yet  been  conducted  and 
experimental  verification  of  this  modeling  remains  to  be  accomplished. 

2.  AMBIENT  IONOSPHERE 

2.1  Daytime  Ion  and  Electron  Profiles 

In  developing  our  ambient  model  for  the  lower  ionosphere  considerable  use  has  been  made  of  measured 
electron  density  profiles.  Several  measured  daytime  profiles  are  shown  in  Figure  1.  A  profile  from  Knapp 
fl%b)  that  has  been  used  previously  for  many  ELF  propagation  studies  (Pappert  and  Moler,  1974;  Imhof  et 
nl.,  1980;  Reagan  et  al.,  1978)  and  mother  proposed  by  Booker  (1980)  for  a  solar  zenith  angle  of  75  are 
also  shown  in  Figure  1.  All  of  the  experimental  profiles  are  based  on  mid-latitude  measurements  made  at  a 
solar  zenith  angle  near  X  =  60  .  Each  of  the  three  profiles  within  the  range  60  to  160  km  represents  a 
concensus  by  the  authors  of  a  number  of  measurements.  The  E  region  profile  of  Maeda  (1972)  was  based  on 
winter,  low  solar  activity  conditions  and  differs  very  little  from  the  Knapp  (1966)  profile.  The  Mechtly 
et  al  -  (1972)  curve  is  a  mean  of  quiet  sun  measurements.  The  curve  of  Mi tra  and  Ghakrabarty  (1971)  is  a 
concensus  of  measurements  made  by  a  number  of  different  methods  in  the  65-90  km  range.  The  altitude  pro¬ 
file  below  60  km  is  based  on  the  work  of  York  (1980)  who  has  reevaluated  rocket-borne  probing  techniques 
for  measuring  electron  densities.  This  re-analysis  has  led  to  considerably  larger  electron  densities  below 
55  km  than  specified  by  the  Knapp  (1966)  or  Booker  (1980)  ambient  day  profiles.  The  profile  shown  in 
Figure  1  between  40  and  70  km  is  based  on  measurements  reported  by  York  (1980)  made  at  White  Sands,  New 
Mexico  in  October  at  a  solar  zenith  angle  near  60  . 

Based  on  these  recent  results,  we  propose  that  the  ambient  electron  profile  shown  in  Figure  2  be  used  for 
comparison  purposes  to  represent  daytime  conditions  in  future  ELF  propagation  studies.  Of  course,  ambient 
electron  density  profiles  depend  on  solar  zenith  angle,  latitude,  season  and  solar  activity  and  no  single 
profile  can  represent  all  oi  these  conditions.  Figure  2  also  shows  a  positive  ion  ambient  pr  file 
resulting  from  the  new  electron  profile.  Positive  ion  densities  were  calculated  using  the  following 
relations  from  lumped  parameter  ionization  theory; 


N+  -  Ne  +  N~  (1) 

Q  "  N+  N  +  aT  N+  N~  (2) 

D  el 


Equation  (l)  specifies  charge  neutrality  while  Equation  (2)  is  the  steady-state  condition  where  Q  is  the 
ion  pair  production  rate,  is  the  elec.trou-ion  recombination  rate,  and  a-j  is  the  ion  neutralization  rate. 
Equations  (1)  and  (2)  may  be  combined  to  yield 
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The  value  3  x  10  ^  cm^  sec  ^  was  assumed  for  ap  and  values  of  a-  were  calculated  from  the  following 
equation  that  Includes  two-  and  three-body  interactions  with  neutrals. 
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The  two-body  coefficient  of  5  x  10”®  cm  -1  sec'^  is  based  on  the  rerent  work  of  Smith  and  Church  (1977)  and 

the  three-body  coefficient  is  a  function  of  altitude  through  the  pressure  P(dynes/cm2)  and  the  temperature 

T(degrees  K)  of  the  atmosphere.  Values  of  range  from  5.16  x  10~8  cm  *  sec-'  at  60  kin  to  5.16  x  10“  ?  cm 
sec“J  at  20  km  for  an  atmospheric  model  representing  65  N  latitude  in  August.  The  values  of  ambient 
production  rate,  Q,  due  to  galactic  cosmic  rays  (GCR)  above  18  km  were  calculated  from  the  formula  of  Heaps 
(1978)  for  average  solar  conditions  and  a  magnetic  latitude  of  57°N.  The  GCR  production  rates  were 
augmented  with  Lyman  alpha  product  ion  rates  above  70  km. 

Also  shown  in  Figure  2  are  the  electrical  conductivities  at  a  frequency  of  75  Hz  associcted  with  the 
proposed  daytime  ambient  electron  and  ion  profiles.  Free  electrons,  due  to  their  much  higher  mobility, 
dominate  the  total  conductivity  down  to  an  altitude  of  ~47  km  in  this  daytime  model  even  though  their 
concentration  ifi  lower  than  the  positive  ions  below  about  70  km.  Below  40  km  the  conductivity  of  the 

ionosphere  is  determined  by  the  ions  with  low  atomic  mass  (<100  nmu)  and  high  mobility  even  though  complex 

cluster  ions  (Meyerott  et  al.,  1980)  and  even  multiple-cluster  ions  (Arnold  et  al.,  1981)  with  high  atomic 
mass  (>200  amu)  are  present. 


The  horizontal  lines  in  Figure  2  labeled  H^  and 
Hz  In  this  daytime  uiidel.  These  two  parameters 
Orel  finger  (1978)  to  the  full  wave  solution  for 


are  the  two  crucial  altitudes  for  ELF  propagation  at  75 
result  from  the  approximate  approach  of  Greiflnger  and 
the  F.I.F  propagation  constants.  H..  Is  located  at  .32  km  in 
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this  daytime  model  and  represents  the  altitude  where  the  displacement  and  conduction  currents  are  equal, 
i.e.,  the  lower  boundary  of  the  ionosphere.  11^  is  located  at  90  km  and  represents  the  upper  boundary  of 
the  waveguide  where  ultimate  reflection  of  the  ELF  wave  takes  place*  Hj  is  the  altitude  at  which  the 
character  of  the  propagation  process  changes  from  wave-like  to  diffusion-like.  Greifinger  and  Grei finger 
(1978)  have  shown  that  KLF  propagation  is  determined  primarily  by  the  properties  of  the  ionosphere  in  the 
vicinity  of  these  two  well-defined  altitudes  where  maximum  ohmic  dissipation  takes  place.  It  is  therefore 
in  these  altitude  regions  that  the  conductivity  profile  must  he  known  with  some  confidence  if  measured  ELF 
attenuation  rates  and  phase  constants  are  to  be  compared  with  modeling. 

When  the  proposed  daytime  profile  was  input  to  an  ELF  propagation  code  developed  by  the  Naval  Ocean  Systems 
Center-NOSC  (Shoddy,  1968;  Pappert,  1970;  Pappert  and  Moler,  1974)  the  signal  strength  was  calculated  to  be 
attenuated  by  an  additional  one  decibel  compared  to  using  the  Knapp  (1966)  profile  /of  the  6000  km  path 
from  Wisconsin  to  Norway.  This  results  from  the  fact  that  the  electron  density  in  the  proposed  profile 
near  the  Hq  altitude  is  100  times  higher  than  in  the  previously  used  profile. 

2.2  Nighttime  Ion  and  Electron  Profiles 

For  ambient  nighttime  propagation  the  electron  and  ion  profiles  shown  in  Figure  i  are  proposed.  The 
profiles  are  in  basic  agreement  with  the  earlier  model  of  Knapp  (1966).  Propagation  calculations  using 
these  profiles  have  also  been  shown  to  be  in  good  agreement  with  measured  signal  strengths  at  75  Hz  In 
Norway  (Imhof  et  al.,  1976).  The  IIq  and  altitudes  for  a  frequency  of  75  Hz  are  also  plotted  in  Figure 
3.  As  a  result  of  the  lower  electron  density  at  night  the  effective  bottom  of  the  ionosphere,  IIq,  is 
raised  to  72  km  from  the  52  km  calculated  for  the  daytime*  The  effective  upper  edge,  is  88  km  which  is 
relatively  unchanged  from  the  daytime  equivalent  altitude  of  90  km.  The  principal  day/night  effect  on  ELF 
waves  is  therefore  the  raising  of  the  lower  edge  of  the  ionosphere  by  “20  km  at  night. 

3,  SOLAR  DISTURBANCE  EVENTS 

Solar  particle  events  (SPE)  potentially  provide  the  most  significant  and  persistent  natural  disturbance  to 
a  long  distance  ELF  communication  system.  During  such  events  which  may  occur  6  to  7  times  per  year  near 
solar  maximum  and  have  a  duration  of  two  to  ten  dayu,  energetic  solar  protons,  alpha  particles  and  elec¬ 
trons  cover  the  entire  polar  cap  regions  rather  uniformly  down  to  “60  magnetic  latitude.  The  region 
irradiated  cov«  s  some  17  percent  of  the  earth's  surface  area.  Transpolar  ELF  communication  paths  would  be 
particularly  effected.  We  have  attempted  to  model  the  Ionospheric  conditions  existing  during  several  SPE's 
measured  to  date  and  to  estimate  the  effects  on  a  transpolar  ELF  link  operating  at  75  Hz. 

3.1  Summary  of  Past  SPE's 

Figure  4  shows  the  ion-pair  production  rates  in  the  atmosphere  due  to  the  major  SFE's  of  solar  cycle  19  and 
20  as  taken  from  Reagan  et  al.  (1981)  with  the  3  November  1969  event  added  from  Swider  (1975).  These 
production  rates  were  generated  fr>m  the  "hardest1*  proton  spectra  in  each  event.  Also  shown  for  comparison 
Is  the  production  rate  due  to  galactic  cosmic  rays  at  solar  maximum  and  minimum.  As  can  be  readily  seen, 
all  of  these  SPE's  greatly  exceed  the  cosmic  ray  production  source  that  is  responsible  for  the  ambient 
ionization  in  the  lower  atmosphere  by  large  factors.  At  the  daytime  Hq  altitude  of  52  km  the  ion  produc¬ 
tion  rate  in  the  4  August  1972  event  Is  10’  times  the  cosmic  ray  production  rate.  The  4  August  1972  SPE 
dominates  in  ion  production  rate  over  all  of  the  other  events  in  cycles  19  and  20  at  altitudes  above  26  km. 
Helow  26  km  the  events  of  12  November  1960  (1930  UT)  produced  a  higher  ionization  rate  than  the  August  1972 
event.  The  significance  of  this  intense  ionization  at  the  lower  altitudes  will  be  seen  later.  The  SPE'a 
of  4  August  1972  and  12  November  i960  would  be  classified  as  "intense'*  while  the  event  of  3  November  1969 
would  be  termed  "moderate"  in  effects  on  ELF. 

3.2  Ton  and  Neutral  Chemistry  Modeling 

Extensive  efforts.  \\yr  Ion  and  neutral  chemistry  behavior  of  the  D-region  during  the 

SPE's  n!.^'197l,  1978;  Gunton  et  al.,  1  977)  and  4  August  1972  (Reagan  and 

Watt Reaga^'et  al.,  1981).  In  our  laboratory  a  one-dimensional,  time-dependent 
been  developed  that  couples  the  complex  neutral  and  ion  reactions  in  a  fast  running 
comput?r^^^r  ( Gunton  et  al.,  1977).  The  code  uses  as  input  the  ion-pair  production  rate  profiles  derived 
from  satellite,  balloon  and  rocket  data.  A  standard  GTRA  atmospheric  model  is  used  and  the  concentrations 
of  key  minor  constituents  are'  ad  justed  for  latitude,  season  and  diurnal  conditions.  The  ion-pair  produc¬ 
tion  rates  are  i ntroduced^jfrt  the  local  time  of  the  SPE  superimposed  on  the  seasonal  and  diurnal  chemistry 
cycle  for  any  given  geographic  location.  The  code  then  follows  the  changes  in  the  neutral  and  ion 
chemistry  corresponding  to  the  production  rate  temporal  behavior  for  several  days  at  that  location.  The 
code  can  he  adjusted  and  run  several  times  to  simulate  the  initial  and  subsequent  diurnal  conditions  across 
a  long  ELF  communication  path  al  the  time  of  a  SPE.  A  subroutine  calculates  the  electron,  ion  and  total 
conductivity  as  well  as  the  H q  and  8  ^  parameters  using  the  approximate  method  developed  by  Greifinger  and 
Greifinger  (1978). 

In  the  November  1969  SPE,  extensive  measurements  of  in  situ  electron  and  ion  concentrations  were  made 
(Swider,  1975)  and  in  the  August  1972  SPE  electron  density  profiles  were  measured  at  some  100  limes  during 
the  event  (Watt,  1975;  Reagan  and  Watt,  1976;  Reagan,  1977;  Imhof  et  al.,  1981).  A  comparison  between  the 

calculated  electron  density  using  the  chemistry  code  during  the  4  August  1972  SPE  and  the  electron  density 

measured  with  the  Chatanika  radar  is  shown  in  Figure  5.  The  agreement  between  the  calculated  and  measured 

temporal  behavior  at  60  km  over  a  several  day  period  is  quite  good  except  in  deep  twilight.  Figure  5  also 

shows  the  SPE-lnduced  changes  In  the  positive  ion  and  atomic  oxygen  concentration  superimposed  on  their 
normal  diurnal  behavior.  Equally  good  agreement  was  obtained  with  the  chemistry  code  during  the  November 
1969  SPE  despite  the  different  seasonal,  diurnal  and  ionization  level  conditions. 

3.3  SPE  Ion  and  Electron  Density  Profiles 

Figure  6  shows  the  ion  and  electron  density  profiles  resulting  from  the  chemistry  code  model  1  g  for  n 
daytime  case  (  >  =  79°)  near  the  peak  of  the  ■'  August  197?  event  (15(18  UT)  .  The  positive  ion  densities 
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reached  6  x  10^  cm”-*  near  AO  to  45  km,  some  200  rimes  higher  than  the  ambient  daytime  values  shown  in 
Figure  2.  The  corresponding  electron  density  at  40  km  was  "1000  times  higher  than  ambient.  The  conduc¬ 
tivity  at  75  Hz  due  to  electrons  exceeded  that  due  to  tne  ions  down  to  an  altitude  of  "40  km.  The  bottom 
of  the  effective  ionosphere  to  ELF  waves  (Hq)  dropped  to  33  km  from  52  km  as  a  result  of  this  intense 
ionization  at  the  lower  altitudes.  The  upper  end  of  the  ionosphere  (H^)  where  total  reflection  is  expected 
to  occur  also  dropped  from  90  km  to  58  km  according  to  our  calculations. 

The  ion  and  electron  profiles  for  this  case  were  also  Input  to  a  computer  program  at  the  NOSC  that,  calcu¬ 
lated  the  profile  of  the  relative  heating  loss  and  the  absorption  (dB/1000km)  of  the  75  Hz  waves  (private 
communication,  W*  Moler,  1978).  The  relative  heating  loss  per  unit  volume  profile  is  also  shown  in  Figure 
6.  The  peak  heating  loss  per  unit  volume  comes  near  36  km  altitude  where  the  ions  dominate  the  conducti¬ 
vity,  which  is  consistent  with  the  location  of  the  Hq  parameter  using  the  Greifinger  and  Greifinger  (1978) 
approach.  A  secondary  heating  peak  caused  by  the  enhanced  electron  conductivity  is  shown  at  60  km,  once 
again  consistent  with  the  altitude.  Most  of  the  absorption  of  the  75  Hz  wave  occurs  between  30  and  40 
km  in  this  case  and  no  additional  attenuation  occurs  above  "65  km. 

The  corresponding  profiles  for  the  "moderate”  SHE  of  3  November  1969  (0000  UT)  are  shown  in  Figure  7.  A 
peak  ion  density  of  10^  cm"^  was  reached  at  48  km.  The  electron  conductivity  exceeded  the  ion  conductivity 
down  to  ~40  km  as  in  the  previous  case.  However,  the  absolute  conductivity  at  this  altitude  was  only 
one-tenth  that  in  the  August  1972  case.  The  Hq  and  Hj  altitudes  are  at  "42  km  and  "63  km,  respectively. 

Finally,  the  ion  and  electron  density  for  the  12  November  i960  8 PE  (1930  UT)  are  shown  In  Figure  8.  In 
this  event  the  ion-pair  production  rates  shown  In  Figure  4  were  used  with  the  effective  electron  and  ion 
loss  rate  coefficients  calculated  from  our  chemistry  modeling  of  the  August  1972  SPE  lu  obtain  the  electron 
and  ion  densities.  As  a  result  of  the  very  "hard”  proton  spectra  in  this  event,  ion  densities  in  excess  of 
l  x  IQ'*  cnT^  were  calculated  as  low  as  20  km  and  exceeded  ambient  levels  down  to  "12  km.  The  calculated  Hq 
aiul  altitudes  are  "37  km  and  ~65  km,  respectively. 

3.4  FXF  Signal  Attenuation  Results 

The  ion  and  electron  density  profiles  shown  in  Figure  6,  7  and  8  were  input  to  the  NOSC  propagation  code  to 
determine  the  effectB  of  the  SPE's  on  a  transpolar  signal  at  75  Hz.  The  path  considered  was  from  Wisconsin 
in  the  United  States  to  Tromso,  Norway.  For  these  calculations  the  transmitter  was  assumed  to  be  expe¬ 
riencing  ambient  conditions.  In  actuality  the  existing  experimental  ELF  transmitter  in  Wisconsin  is 
located  at  an  invariant  latitude  of  60  and  therefore  is  at  the  edge  of  the  polar  cap,  i.e.  the  geomagnetic 
cutoff  of  a  SPE  would  be  very  close  to  the  transmitter.  It  the  transmitter  were  located  inside  the  polar 
cap,  calculations  have  shown  that  the  signal  strength  in  the  overhead  segment  would  actually  be  enhanced 
due  to  improved  excitation  coupling. 

The  path  was  segmented  into  eight  parts  as  described  in  a  companion  paper  in  these  proceedings  (Larsen  et 
al.,  1981).  For  the  November  1969  case  the  first  five  segments  were  assumed  to  be  in  daylight  and  the 
remainder  in  night.  In  the  other  two  SPE's  all  of  the  segments  beyond  the  transmitter  region  were  assumed 
to  be  in  daylight.  The  results  shown  in  Table  1  were  obtained. 


Table  1.  Calculated  Signal  Attenuation  at  75  Hz 
on  a  Transpolar  ELF  Tath  During  Solar 
Particle  F.venta 


SPE 

Date  Time 

Classi f  Lcation 
of  Event 

Signal  Attenuation 
Below  Ambient 

12  Nov  1960  1930  UT 

■ 

Intense 

8.1  dB 

4  Aug  1972  1508  UT 

Intense 

5.7  dB 

9  Nov  1969  0000  UT 

Moderate 

1.0  dll 

From  Table  1  it  ran  be  seen  that  weak  to  moderate  SPE"b  that  possess  "soft"  proton  spectra  which  result  in 
the  principal  ion-pair  production  occurring  near  55  -  60  km  will  cause  only  nominal  attenuation  over 
ambient  ELF  signal  strengths  under  daytime  conditions*  Tf  the  SPF,  occurs  at  nighttime  the  chunge  in  signal 
atrength  wili  be  greater.  Intense  SPE's  that  possess  "hard"  proton  spectra  which  result  in  the  peak 
ionization  occurring  at  altitudes  below  40  km  such  as  the  4  August  1972  and  the  12  November  1960  events 
will  cause  significant  attenuations  of  5  to  8  dll  over  ambient  daytime  signal  levels.  The  attenuation  in 
these  casco  will  be  somewhat  higher  under  nighttime  conditions.  The  November  1960  SPE  resulted  iri  a  larger 
signal  attenuation  at  75  Hz  than  the  4  August  1972  SPE  because  of  the  higher  po.tlLive  ion  densities 
existing  in  the  former  event  below  30  km, 

3,5  Diurnal  Effects 

Over  a  long  propagation  path  the  solar  zenith  angle  (x)  will  change  according  to  the  local  time,  as  will 
the  Ionospheric  conditions  since  l he  effective  recombination  rates  for  free  electrons  are  dependent  upon 
time  of  day.  Tlmu ,  even  during  a  SPF.  when  the  ionization  can  bo  assured  to  he  constant  over  the  whole 
disturbed  polar  cap  region,  the  electron  density  profile  will  vary  with  position. 
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In  order  to  estimate  the  magnitude  of  this  effect,  the  4  August  1972  SPE  ionization  profile  at  1144  UT  was 
used  to  calculate  the  electron  density  profiles  at  different  solar  zenith  angles.  For  simplicity,  no 
change  was  assumed  to  take  place  in  the  positive  ion  profile.  The  latter  assumption  is  only  truly  valid  at 
the  lower  altitudes.  The  NOSC  propagation  code  was  run  for  a  variety  of  such  diurnal  profiles.  A  compari¬ 
son  of  the  extreme  cases  where  the  entire  path  is  in  daytime  or  nighttime  reveals  a  difference  of  approxi¬ 
mately  3  dB  In  the  received  signal  strength  on  a  .ianspolar  path.  While  the  approach  was  only  an  approxi¬ 
mation,  the  effect  appears  significant  and  indicates  that  in  future  ELF  system  modeling  consideration  of 
the  diurnal  conditions  along  the  path  must  be  taken  into  account. 

4.0  Conclusions 

The  present  modeling  of  the  ambient  and  SPE  disturbed  ionosphere  has  resulted  in  the  following  conclusions 
pertinent  to  ELF  propagation  studies. 

o  A  new  daytime  ion  and  electron  density  profile  for  the  lower  ionosphere  under  ambient  conditions  is 
proposed  that  should  provide  closer  agreement  between  calculated  and  measured  signal  strengths  on 
long  propagation  paths. 

o  Using  a  time  dependent  chemistry  code  that  couples  ion  and  neutral  chemistry  the  ion  and  electron 
density  and  the  conductivity  profiles  in  the  intense  SPE  of  4  August  1972  and  the  moderate  SPE  of  3 
November  1969  have  been  derived.  The  lumped  parameter  coefficients  derived  from  these  analyses 
have  been  applied  to  the  SPE  of  12  November  I960. 

o  During  intense  SPE's  the  conductivity  of  the  lower  ionosphere  can  be  raised  by  several  orders  of 
magnitude.  Below  40  km  the  conductivity  is  determined  by  ions  with  relatively  low  mass  and  high 
mobility  even  though  complex  ions  with  high  atomic  mass  are  present.  Ah-  o  this  altitude  free 
electrons  determine  the  conductivity. 

o  The  bottom  of  the  effective  ionosphere  to  ELF  waves  1b  shown  to  he  lowered  in  an  Intense  SPE  from 
52  km  to  “35  kin  under  daytime  conditions  as  a  result  of  the  enhanced  conductivity.  The  principal 
absorption  of  ELF  waves  cccura  near  the  lower  edge  of  this  ionosphere  as  the  result  of  ohmic 
heating  losses  to  the  dominant  ion  population. 

o  The  top  of  the  effective  ionosphere  where  ELF  reflection  ultimately  occurs  is  also  lowered  from 
near  90  km  to  approximately  60  km  in  an  intense  SPE.  A  secondary  ohmic  heating  loss  to  free 
electrons  occurs  at  this  altitude. 

o  When  input  to  an  ELF  propagation  code  the  ion  and  electron  density  profiles  derived  for  the  intense 
SPE's  produce  a  calculated  5  to  8  dB  attenuation  in  the  signal  strength  at  75  Uz  on  a  transpolar 
path. 

o  SPK'a  having  "hard"  proton  spectra  that  produce  intense  positive  ion  densities  below  40  km  have  the 
most  significant  effect  on  ELK  propagation. 

o  Diurnal  variations  In  the  ionospheric  composition  across  a  transpolar  EI.E  path  could  result  in  an 
much  as  3  dB  difference  in  signal  strength  during  an  intense  SPE . 

o  The  Ionospheric  modeling  attempted  In  this  paper  needs  to  bo  tested  with  field  experiments 

involving  transpolar  ELK  propagation  during  a  largo  SPE.  No  such  tests  have  been  performed  to 
date . 


ACKNOWLEDGEMENTS 

The  modeling  work  presented  in  this  paper  was  supported  by  the  Office  of  Naval  Research  (Contract 
N0001 4-79-C-01 7 5)  and  by  the  Lockheed  Independent  Research  Program.  Appreciation  Is  extended  to  R.  Graeen 
Joiner  of  the  Office  of  Naval  Research  for  many  valuable  discussions  and  encouraging  support.  The  propaga¬ 
tion  code  used  lu  thiH  paper  was  developed  by  the  Naval  Ocean  Systems  Center  and  was  generously  provided  by 
W.  F.  Mol or  and  R.  A.  Pappcrt.  Special  thanks  is  extended  to  W.  F.  Moler  for  providing  the  heating  loss 
and  absorption  profiles. 


REFERENCES 


Booker,  11.  0.,  I960,  "A  Simplified  Theory  of  ELF  Propagation  in  the  Earth-Ionosphere  Transmission  Line  and 
Its  Worldwide  Application,"  Atmos.  Terr.  Phys.,  42 ,  pp.  929-941. 

Davis,  .1.  R-,  1974,  "F.LF  Propagation  Irregularities  on  Northern  and  Mid-Latitude  Paths,"  in  ELF-V1.F  Radio 
Wave  Propagation,  J.  Holtet,  ed . ,  D.  Reidel  Puhl .  Co.,  Dordrecht-Hol land ,  pp.  263-277. 

Davis,  J.  R. ,  and  W.  O.  Meyers,  1975,  Naval  Research  Laboratory  Report.  NHL  7924,  Washington,  D.C. 

Davis,  J.  K. ,  1976,  "Localized  Nighttime  D-Region  Disturbances  and  ELF  Propagation,"  J.  Atmos.  Terr. 

Phys. ,  Vo  1 .  38 ,  p.  1309. 

Greifinger,  C. ,  and  P.  Greifinger,  1978,  "Approximate  Method  for  Determining  EI.F  Eigen  Values  in  the 
Earth -Ionosphere  Waveguide,"  Radio  Science,  13,  831. 

Gunt.on,  K»  C.,  R.  E.  Meyorott,  and  .1.  R.  Reagan,  1977,  "Ion  and  Neutral  Chemistry  of  the  D— Region  During 
the  Intense  Solar  Particle  Event  of  August  1972,"  Final  Report,  LMSC-D55635 l ,  Lockheed  Palo  Alto 
Research  Laboratory,  Palo  Alto,  California  94304. 

Heaps,  M.  C. ,  1978,  "Pnramct rizat ion  cf  the  Cosmic  Ray  lon-Pnir  Production  Rate  Above  18  km,"  Planet,  Space 
Scl.,  26,  573. 


33-6 


Tmhof,  W.  L.,  T.  R.  Larsen,  J,  B.  Reagan,  and  E.  E.  Gaines,  1976,  "Analyaes  of  Satellite  Data  on  Precipi¬ 
tating  Particles  in  Coordination  with  ELF  Propagation  Anomalies,”  Lockheed  Palo  Alto  Research  Labora¬ 
tory  Report,  LMSC-D502063 ,  Palo  Alto,  California  94304. 

Imhof,  W.  L.,  R.  C.  Gunton,  T«  R  Larsen,  E.  E.  Gaines,  J.  B.  Reagan,  and  R.  E.  Meyerott,  1980,  '‘Study  of 
ELF  Propagation  Anomalies  as  Related  to  Improved  Knowledge  of  Electron  Density  Profile  Produced  by 
Energetic  Particle  Precipitation,"  Lockheed  Palo  Alto  Research  Laboratory  Report  LMSC-D681778,  Palo 
Alto,  California  94304. 

Imhof,  W.  L. ,  fl.  C.  Gunton,  J.  B.  Reagan,  R.  E.  Meyerott,  E.  E.  Gaines,  and  T.  R.  Larsen,  1981,  “The 
Influence  of  Precipitating  Energetic  Particles  on  the  Propagation  Medium,'*  Paper  1-4  in  the 
Proceedings  of  AGARD  Symposium  on  Medium,  Long  and  Very  Long  Wave  Propagation  (at  Frequencies  LeBa 
Than  3000  KHz),  Brussels,  Belgium. 

Knapp,  W. ,  1966,  General  Electric-TEMPO  Report  RPT  66TMP-83. 

Larsen,  T.  R.,  1974,  "Preliminary  Discussion  of  ELF/VLP  Propagation  Data,"  in  ELP-VLF  Radio  Wave  Propaga¬ 
tion,  J.  Holtet,  ed . ,  D.  Reidel  Publ.  Co.,  Dordrecht-Holland ,  pp.  263-277. 

Larsen,  T.  R.,  W«  L.  Imhof,  R.  C.  Gunton,  J.  B.  Reagan,  E.  E.  Gaines,  and  R.  E.  Meyerott,  1981,  "ELF 

Propagation  in  Polar  Areas,  Measurements  and  Theoretical  Field  Strength  Predictions,"  Paper  11-12  in 
the  Proceedings  of  the  AGARD  Symposium  on  Medium,  Long,  end  Very  Long  Wave  Propagation  (at  Frequencies 
Less  Than  3000  KHz),  Brussels,  Belgium* 

Maeda,  K. ,  1972,  “E-Region  Electron  Density  Profiles,”  Space  Research,  12,  1229. 

Mechtly,  E.  A.,  S.  A.  Bowhill,  and  L.  G.  Smith,  1972,  "Change  of  Lower  Ionosphere  Electron  Concentrations 
with  Solar  Activity,”  J.  Atmos.  Terr.  Phys.,  34 ,  p.  1899. 

MItra,  A.  P.,  and  D.  K.  Chakrabarty,  19/1,  "Models  of  Lower  Ionosphere  Electron  Density  Profiles,”  Space 
Research,  11 ,  1013. 

Pappert,  R.  A.,  1970,  "Effects  of  Elevation  and  Ground  Conductivity  on  Horizontal  Dipole  Excitation  of  the 
Earth-Ionosphere  Waveguide,"  Radio  Science,  J5,  pp.  579-590. 

Pappert,  R.  A.,  and  W.  F.  Moler,  1974,  "Propagation  Theory  and  Calculations  at  Lower  (ELF)  Extremely  Low 
Frequencies,"  IEEE  Trans.  Comm.,  COM-22,  4,  438-451. 

Reagan,  J.  B.,  and  T.  M.  Watt,  1976,  "Siraultaneoun  Satellite  anil  Radar  Studies  of  the  D-Region  Ionosphere 
During  the  Intense  Solar  Particle  Events  of  August  19/2,"  .1 .  Geophys.  Res.,  81 1  4579. 

Reagan,  J.  B.,  W.  L.  Imhof,  E.  E.  Gaines,  T.  R.  Larsen,  J.  R.  Davis,  and  W.  R.  Moler,  1978,  "Effects  of 

Precipitating  Energetic  Particles  on  an  ELF  Communication  Link,"  in  the  Proceedings  of  the  Symposium 
on  the  Effect  of  the  Ionosphere  on  Space  and  Terrestrial  Systems,  J.  M.  Goodman,  cd - ,  Naval  Research 
Laboratory,  Washington,  D.C. 

Reagan,  J.  B  ,  R.  E.  Meyerott,  R.  W.  Nightingale,  R.  C.  Gunton,  R.  G.  Johnson,  J.  E.  Evans,  W.  L.  Imhof,  D. 
F.  Heath,  and  A.  J.  Krueger,  1981,  “Effects  of  the  August  1972  Solar  Particle  Events  on  Stratospheric 
Ozone,"  J.  Geophys.  Ren.,  86,  1473, 

Sheddy,  C.  II.,  1S68,  "A  General  Analytic  Solution  for  Reflection  From  a  Sharply  Bounded  Anisotropic 
Ionosphere,"  Radio  Science,  3^,  pp.  792-79  5. 

Smith,  D,,  and  M.  J.  Church,  197- ,  "Ion-Ion  Recombination  Rates  In  the  Earth's  Atmosphere,"  Planet.  Space 
Sci . ,  25,  433. 

Swlder,  W. ,  R.  S.  Narclsl,  T.  J.  Keneshea,  and  J.  C.  Ulwick,  1971,  "Electron  Loss  During  a  Nighttime  PCA 
Event,"  J.  Geophys.  Rea.,  76 ,  4691. 

Swlder,  W. ,  1975,  "Composite  PCA  '69  Study,"  Final  Report  AFCRL-TR-75-01 49 ,  Air  Force  Cambridge  Research 
Laboratory,  Bedford,  McnnachuscttH . 

Swlder,  W. ,  T.  J.  Keneshea,  and  C.  I.  Foley,  1978,  "An  SPE-Disturbed  D-Region  Model,"  Planet.  Space  Sci., 
26.  883. 

Watt,  T.  M. ,  1975,  "Effective  Recombination  Coefficient  of  the  Polar  D-Region  Under  Conditions  of  Intense 
Ionizing  Radiation,"  DNA  Report  3663T,  Stanford  Research  Institute,  Menlo  Patk,  California. 

York  T.  M- ,  1980,  “Comparison  of  Electron  Densities  in  the  Middle  Atmosphere  Indicated  by  Rocket  Horne 
Probing  Techniques, "  Report  PSU-IRL-IR-69,  Ionosphere  Research  Laboratory,  Pennsylvania  State 
University,  University  Park,  Pennsylvania . 


ALTITUDE  (km) 


33-7 


Figure 
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t .  Altitude  profiles  of  Home  recent  daytime  measurements  of  electron  density  compared  with 

ambient  daytime  profiles  used  in  previous  ELF  propagation  studies. 


io-13  ic"11  i  o"®  icr7  io"5  io'3 


CONDUCTIVITY  (MHOS-M-1) 
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75  list  waves  are  shown  as  and  lij,  respectively. 
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Figure  3. 
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Altitude  profiles  of  electron  and  positive  ion  densities  (N^,  N  )  in  cm  ,  electron,  ion,  and 
total  conductivities  (°j?,  °Total^  at  ^  Hz  f°r  an  ambient  night.  The  bottom  and  top  of 

the  effective  ioncsphore  to  ELF  waves  at  night  are  shown  as  Hq  and  H.,  respectively. 


Solar  proton  Induced  ion  production  rates  during  the  major  solar  particle  events  in  solar 
cycles  19  and  20  from  Reagan  ct  al-  (1981)  with  the  3  November  1969  curve  added  from  Swidor 
(1975).  The  cosmic  ray  Ionization  for  solar  maximum  and  minimum  is  shown  for  comparison.  The 
A  August  1972  SPK  dominates  in  ion  production  rate  over  all  of  Lhe  other  events  in  cycles  19 
and  70  at  altitudes  shove  26  km. 
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0  atom  density  va.  time  at  60  km  altitude  during  tin-  SFE  of  August  1972.  The  dots  are  the 
experiment  ,  1  electron  density  data  from  Chaiantka  radar  measurements  for  comparison  with  the 
chemistry  code  derived  electron  densities. 
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MODELS  OF  THE  MIDLATITUDE  D  REGION  AT  NOON 


W.  C.  Bain 

SERC,  Ru the r lord  end  Appleton  Laboratories 
Chilton,  Didcot,  Oxon.  0X11  OQX,  UK 


SUMMARY 


Bain  and  Harrison  have  previously  given  a  model  for  the  electron-density  distribution  in  the  D  region  ol 
the  ionosphere  tor  summer  noon  at  sunspot  maximum.  Here  two  further  models  are  derived  iti  a  similar  way, 
for  equinox  noon  and  for  winter  noon.  Propagation  resuiLs  are  calculated  from  these  models  for  various 
frequencies  in  the  range  16-85  kHz  and  for  certain  distances  below  1000  km,  and  are  compared  with  measure¬ 
ments  made  over  the  same  f requency/distance  combinations.  Satisfactory  agreement  is  obtained.  Some 
difficulties  in  dealing  with  winter  conditions  are  pointed  out,  including  those  associated  with  the 
'winter  anomaly  in  absorption*. 

A  number  ot  models  prepared  by  other  workers  are  considered  and  propagation  results  are  calculated  iium 
them  for  comparison  with  observed  data.  The  models  examined  are  by  Decks,  Jones  and  Spracklen,  Bremer 
and  Singer,  Azarnin  and  Orlov,  and  McNamara.  The  models  of  McNamara  are  treated  in  some  detail  and  are 
shown  to  be  unsuitable  for  calculations  of  propagation  over  the  frequency  and  di glance  ranges  dealt  with 
here.  The  other  models  are  considerably  better  but  all  show  some  disagreement  with  the  measurements 
cited. 


1.  INTRODUCTION 

To  enable  one  to  carry  out  calculations  of  VLF  or  LF  propagation  for  path  lengths  less  than  1000  km,  the 
CCIR  (1978)  have  provided  a  set  of  curves  of  reflection  coefficient.  These  curves  were  drawn  to  fit  as 
closely  as  possible  the  rather  limited  observed  data,  and  their  use  relies  on  the  assumption  that  the  re¬ 
flection  coefficient  is  the  same  if  the  parameter  £  cos  i  is  the  same  (f  is  frequency  and  i  is  the  angle 
of  incidence).  No  account  is  taken  of  any  azimuth  dependence*  Calculations  made  from  these  curves  must 
be  subject  to  appreciable  errors,  and  it  may  well  be  that  better  propagation  results  could  be  obtained  by 
making  fiulL-wavc  calculations  from  model  ionospheres  consisting  of  a  height  distribution  of  electron 
density.  If  this  approach  is  to  be  successful  satisfactory  model  ionospheres  are  required,  and  the  noon 
models  set  out  in  this  paper  are  intended  for  this  purpose. 

A  previous  paper*  by  Bain  and  Harrison  (197  2)  gave  a  model  for  the  D  region  ol  the  ionosphere  at  mid- 
latitudes  at  summer  noon  during  sunspot  maximum.  The  agreement  between  propagation  results  observed  and 
calculated  from  this  model  was  very  satisfactory.  It  was  particularly  good  in  the  case  ol  the 
llu 1 lingworth  pattern  aL  16  kHz,  which  is  quite  sensitive  to  changes  in  electron  density  below  75  km.  The 
model  was  actually  derived  by  starting  from  a  rocket  measurement  of  the  distribution  oi  electron  con¬ 
centration  taken  at  the  same  time  as  the  Hoi lingworth  pattern.  The  combined  Faraday  and  di t letentia 1 
Doppler  techniques  used  in  the  rocket  are  believed  to  be  the  most  accurate  method  for  determining  elect run 
density  in  the  height  range  /0-90  km  (THRANE,  1973).  The  rocket  profile  only  contained  values  ior  heights 
above  about  70  km,  so  it  was  extended  arbitrarily  down  to  50  km.  Propagation  calculations  were  then  made 
from  thin  profile  for  frequencies  from  16  to  100  kHz  and  it  was  modified  until  a  reasonable  fit  was 
obtained  with  observations,  only  very  small  changes  were  made  to  the  profile  above  70  km  because  of  the 
reliability  of  the  rocket  results,  but  the  values  below  that  height  were  modified  without  inhibition.  The 
final,  profile  is  shown  in  Fig.  1.  The  propagation  data  used  in  constructing  the  model  were  for  paths  loss 
than  1000  km,  and  it  might  therefore  be  expected  to  give.  Its  best  results  tor  such  distances,  but  Jones 
(1981)  has  found  that  it  gives  good  results  for  atmospherics  propagated  over  large  distances  at  fre¬ 
quencies  below  1  kHz. 

In  Lhc  propagation  calculations  mentioned  above  a  collision- frequency  profile  must  be  sped  tied,  and  as  in 
Bain  and  Harrison  (1972)  the  following  relation  between  mono energetic  collision  frequency  (v^)  and 
atmospheric  pressure  p  was  used. 

v  ~  7.5  x  10J  p  (SI  units) 

M 

p  was  obtained  from  a  reference  atmosphere  (CIRA,  1972)  lor  a  latitude  of.  52.5°N, 

It  is  clearly  desirable  to  be  able  to  calculate  propagation  data  at  all  timer,  cf  the  year,  so  models  for 
equinox  and  winter  noon  are  presented  hero;  this  Is  in  accordance  with  u  CCIR  request  (CC1K,  1978).  The 
models  cannot  bo  expected  to  give  as  accurate  results  for  a  particular  time  as  will  the  summer  model  since 
the  variability  of  signal  strength  increases  as  summer  changes  to  winter;  calculations  L rom  them  should 
only  bo  taken  as  giving  median  propagation  data.  Bain  and  Harrison  (  1972)  stated  tliat  the  results  applied 
to  sunspot  maximum  conditions  and  here  Luo  propagation  resulLs  only  for  those,  conditions  art*  used.  How¬ 
ever,  sunspot-cycle  variations  in  VLF  propagation  are  often  not  very  greaL,  and  in  Llu*  absence  of  sunspot- 
ininimum  models  it  is  probabLy  worth  while  to  use  the  moduLs  presented  here  at  all  Limes  in  Lhr  sunspot 
c  yc  1.  c . 


2. 


THE  F.QIIINOX  MODEL 


The  equinox  model  was  derived  in  a  similar  way  to  (he  cummer  model.  However  resources  did  not.  pormf  t  the 
siiM.il  taneous  measurement  of  a  Hollingworth  palLern  and  a  rocket  profile  of  electron  density,  as  was  done 
previously ,  Instead,  alL  rockeL  profiles  taken  mid' r  the  appropriate  conditions  were  plotted  and  an 
average  curve  drawn  through  them.  Because  such  results  are.  not  reH  .blc  below  about  70  km  the  average 
profile  was  extended  arbitrarily  below  this  height.  This  profile  was  used  as  a  starting  point  and  modi¬ 
fied  until  it  gave  reasonable  propagation  results  at  frequencies  from  16  to  100  kllz;  it  is  shown  in  FiK.  1. 
The  calculated  results  are  compared  in  Table  1  with  observed  data,  which  are  all  rather  old  and  appear  in 
papers  by  St.  raker  (1955),  Brae  ewe  1 1  ot  al.  (1951,  1956),  Wenkrs  and  Stuart  (1952a,  b)  and  Williams  (1951). 
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The  results  from  this  model  are  quite  satisfactory;  they  certainly  represent  a  better  fit  to  the  observa¬ 
tions  than  do  the  calculations  from  any  of  the  measured  profiles  cited  by  Bain  (1974).  The  model  is 
plotted  along  with  all  comparable  rocket  profiles  in  Fig.  2  and  can  be  seen  to  lie  within  their  bounds 
above  70  km.  The  results  of  calculations  from  some  of  these  profiles  appear  in  Bain  (1974),  but  not  from 
all  of  them  since  they  do  not  all  cover  a  sufficient  range  of  electron  concentration.  As  a  rough  guide 
to  the  acceptability  of  the  model  calculations  in  this  and  subsequent  tables,  the  observed  conversion 
coefficients  and  phases  at  16  kHz  are  probably  accurate  to  about  20Z  and  30°  respectively.  At  higher 
frequencies  the  accuracy  will  be  less,  say  50X  and  60°. 

TABLE  1  Observed  and  calculated  VLF  and  LF  propagation  data  for  equinox 
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3.  THE  WINTER  MODEL 

The  winter  model  was  derived  in  a  similar  way  to  the' equinox  model  and  is  also  shown  in  Fig.  1.  There 
were  however  additional  complications  in  the  derivation,  the  main  one  being  the  presence  or  absence  of  the 
•winter  anomaly  in  absorption*.  The  propagation  measurements  used  were  made  in  England,  where  typical 
winter  conditions  mean  that  a  moderate  winter  anomaly  would  exist.  Rocket  profiles  have  therefore  been 
left  out  of  account  if  they  were  taken  at  times  of  weak  or  intense  winter  anomaly.  This  may  not  matter 
greatly,  as  the  winter  anomaly  affects  profiles  principally  above  80  km  except  in  very  intense  anomalies, 
and  propagation  at  frequencies  below  100  kHz  is  not  greatly  affected  by  changes  at  these  levels  during  the 
day.  Another  difficulty  arises  because  VLF  propagation  is  much  influenced  by  the  parameter  in  sec  X, 
where  X  is  the  zenith  angle  of  the  sun.  The  winter  noon  observations  of  propagation  were  made  when  this 
angle  was  near  to  75°,  and  <n  sec  X  changes  rapidly  with  X  around  this  value.  It  was  found  that  to  obtain 
an  appreciable  number  of  rocket  profiles  for  use  in  the  modelling  procedure  a  rather  greater  range  of 
values  of  In  sec  X  had  to  be  permitted  than  might  be  desirable. 

The  comparison  of  observed  and  calculated  results  is  given  in  Table  2;  the  references  to  the  observed 
results  are  as  in  Section  2  except  that  data  from  Williams  (1951)  were  not  used. 

Again  the  results  from  the  model  are  satisfactory  and  agree  with  observations  better  than  those  from  any 
of  the  measured  profiles  cited  by  Bain  (1974).  Figure  3  shows  the  model  plotted  with  a  number  of  com¬ 
parable  rocket  profiles;  it  can  be  seen  to  lie  within  their  bounds  above  73  km.  This  height  is  greater 
than  at  equinox  because  the  lower  electron  densities  below  75  km  result  in  the  rocket  results  becoming  un¬ 
reliable  at  a  greater  height  than  at  equinox.  Propagation  calculations  for  some  of  the  profiles  are  given 
by  Bain  (1974). 

4.  OTHER  MODELS 

Models  of  the  D  region  have  been  produced  by  various  other  workers,  such  as  Dceks  (1966),  Jones  and 
Spracklen  (1976),  Bremer  and  Singer  (1977),  Azarnin  and  Orlov  (1976),  and  McNamara  (1979).  Their  summer 
models  are  shown  in  Fig.  4.  The  models  of  McNamara  and  the  propagation  results  they  give  are  considered 
first,  since  these  models  are  now  frequently  cited.  They  were  not  of  course  constructed  primarily  to  give 
radio  propagation  results  and  McNamara  himself  pointed  out  their  limited  usefulness  in  such  calculations 
for  reflection  heights  in  the  80-90  km  range.  Table  3  indicates  that  they  are  also  not  very  satisfactory 
for  calculations  in  which  the  reflection  height  is  below  80  km  as  it  is  in  nearly  all  cases  here;  note 
that  the  values  of  angle  of  incidence  and  of  magnetic  azimuth  are  nearly  the  same  as  for  the  corresponding 
case  in  Table  1. 

Most  of  the  calculated  values  are  considerably  in  error  although  the  reflection  heights  at  16  kHz  in 
summer  and  equinox  are  good,  as  is  shown  by  the  phase  values.  One  or  two  of  Che  calculated  conversion 
coefficients  at  the  higher  frequencies  are  also  acceptable.  It  must  be  concluded,  however,  that  the 
models  of  McNamara  (1979)  are  not  suitable  for  use  in  calculations  of  VLF  and  LF  propagation. 

The  models  produced  by  the  other  workers  mentioned  above  give  much  better  propagation  results.  A 
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selection  of  these,  for  summer  and  winter  conditions*  are  given  in  Table  4. 

The  models  of  Jones  and  Spracklen  (1976)  are  extensions  of  those  of  Decks  (1966)  and  these  can  be  treated 
together*  Their  summer  model  can  be  seen  to  give  good  values  for  conversion  coefficient  hut  the  results 
are  not  so  good  in  the  winter.  In  both  cases  the  reflection  height  at  16  kHz  is  too  high,  by  at  least 
3  km;  the  summer  result  might  be  expected  from  the  position  of  the  curves  relative  to  the  Bain  and 
Harrison  model  near  70  km  in  Fig.  4,  Bremer  and  Singer  (1977)  have  a  sunspot  maximum  model  only  for 
summer;  the  conversion  coefficients  are  quite  good  but  the  reflection  height  at  16  kHz  is  again  too  high. 
Azartiin  and  Orlov  (1976)  have  summer  and  winter  models  suitable  for  comparison  with  observed  data;  their 
summer  model  does  not  give  good  results  for  the  coefficients  or  the  reflection  height  but  their  winter 
model  is  rather  better  in  Lhese  respects. 

5.  CONCLUSION 

Models  for  the  D  region  have  been  produced  for  equinox  and  winter  oon  which  give  satisfactory  results  for 
propagation  at  frequencies  below  100  kHz,  although  all  tesLs  here  are  Cor  distances  less  than  1000  km. 

None  of  the  models  produced  elsewhere  can  match  these  results,  though  they  may  of  course  be  better  in 
other  respects,  e.g.  at  higher  frequencies. 

6.  REFERENCES 

AZARNXN,  G.  V.  and  ORLOV,  A.  B.,  1976,  "Model  of  the  lower  daytime  ionosphere  for  computing  VLF  fields", 
Geomagn.  and  Aetfon.  jl_4,  266-270. 

BAIN,  W,  C.  and  HARRISON,  M.  D»,  1972,  "Model  ionosphere  for  D  region  at  summer  noon  during  sunspot 
maximum" ,  Proc.  IEE,  119 ,  790-796. 

BAIN,  W.  C«,  1974,  "Use  of  LF  and  VLF  propagation  data  in  studies  of  electrun  density  profiles  at  mid¬ 
latitudes",  Indian  J.  Radio  and  Space  Physics,  3t  113-118. 

BELHOSE,  J.  S.,  ROSS,  D.  B.  and  McNAMARA,  A.  G.,  1972,  "Ionization  changes  in  Llie  lower  ionosphere  during 
the  solar  eclipse  of  7  March  1970",  J.  Atmos.  Terr.  Phys.,  _34,  627-640. 

BEYNON,  W.  J.  G.  und  WILLIAMS,  E.  R.,  1976,  "Rocket  measurements  of  D  region  electron  density  profiles", 

J.  Atmos.  Terr.  Phys.,  38,  1319-1325. 

BRACEWELL,  R.  N.,  BUDDEN,  K.  G.,  RATCLIi'FE,  J.  A.,  STRAKER,  T.  W.  and  WKEKES ,  K.,  1931,  "The  ionospheric 
propagation  of  lov  and  very-low  frequency  radio  waves  •  •><cr  distances  less  than  1000  km",  Proc.  IEE,  98, 

Pt.  Ill,  221-236. 

BRACEWELL,  R.  N.,  HARWOOD,  J,  and  STRAKER,  T.  W.,  1954,  "The  ionospheric  propagation  of  radio  waves  of 
frequency  30-45  kc/s  over  short  distances",  Proc.  IEE,  101 ,  Pt.  IV,  154-162. 

BREMER,  J.  and  SINGER,  W.,  1977,  "Diurnal,  seasonal  and  solar-cycle  variations  of  electron  densities  in 
the  ionospheric  D-  and  E-regions",  J.  Atmos.  Terr.  Phys.,  _39,  25-34. 

CCIR,  1978,  "Recommendation:,  and  Reports",  Pt.  VI,  21d-239  (Report  265-4). 

C1FA,  1972,  "COSPAR  International  Reference  Atinc sphere" ,  Akademie-Ver lag,  Berlin. 

DEERS,  D.  G. ,  1966,  "D-regiou  electron  distributions  in  middle  latitudes  deduced  from  the  reflection  of 
long  radio  waves",  Proc.  R.  Sue.  A291,  413-437. 

DICKINSON,  P.  H.  G.,  HALL,  J.  E.  and  BENNETT,  F.  D.  G.,  1976,  "Rocket  measurement  of  electron  concentra¬ 
tion  in  the  lower  ionosphere  at  two  European  locations",  J.  Atmos.  Terr.  Phys.,  38,  163-173. 

JONES,  D.  L.,  1981,  Private  communica tion . 

JONES,  T.  B.  and  SPRACKLEN,  G •  !.,  1976,  "Polarisation  of  VLF  radiowaves  reflected  trom  the  ionosphere", 
Proc.  IEE,  1_23,  i:  -122. 

McNAMARA,  L.  F.,  1979,  "Statistical  model  of  the  D  region",  Radio  Sci.,  1^,  1165-1173. 

MECHTLY,  E.  A.,  SEC1IRI5T,  C.  F.  and  SMITH,  L.  G.,  1972a,  "Electron  loss  coef fief er.ts  for  the  D  region  ol 
the  ionosphere  from  rocket  measurements",  J.  Atmos,  Terr.  Phys.  34,  641-646. 

MECHTLY,  E.  A.,  BOWflILL,  S.  A.  and  SMITH,  L«  G.,  1972b,  "Changes  oL  lower  ionosphere  electron  concentra¬ 
tion  with  solar  activity",  J.  Atmos.  Ten  Phys.,  _34,  1899-1907. 

SEC1IR1ST,  C.  F • ,  MECHTLY,  E.  A.  and  SHIRKE,  J.  S.,  1969,  "Co-ordinated  rocket  measurements  on  the  D  region 
winter  anomaly",  J.  Atmos.  Terr.  Phys.,  _31,  145-153. 

STRAKER,  T.  Wlf  1955,  "Thu  ionospheric  propagation  of  radio  waves  of  frcqi  ncy  16  kc/s  over  short 
distances",  Proc.  IEE,  102c,  122-133. 

THRAliE,  E.  V.,  1973,  in  "Methods  of  measurement  and  results  of  lowe;  ionosphere  structure",  Akademie- 
Verlag,  Berlin,  5-21. 

WEEKES,  K.  and  STUAR'l,  K.  D.  ,  1952a,  "The  ionospheric  propagation  ol  radio  waves  with  trequencies  near 
100  kc/s  over  short  distances",  Proc.  IEE,  Ft.  IV,  29-37. 


3< 


WEEKES,  K.  and  STUART,  R.  D.,  1952b,  "The  ionospheric  propagation  of  radio  waves  with  frequencies  near 
100  kc/s  over  distances  up  to  1000  km",  Proc.  IEE,  99,  Pt.  IV,  38-46. 


summer 


0 


log  N  ,  N  in  cm 


2.  Equinox  noon  distribution  of  electron  density 
Thick  curve  :  model 

A  ;  Belrose  £t  al  (1072),  E  Quoddy ,  7  Mar  1370. 

B  :  Mechtly  et  al  (1972a),  Wallops  T,  7  Mar  1970. 

C  :  Mechtly  et  al  (1972b),  Wallops  I,  17  Apr  19G9 . 

D  :  Mechtly  et  al  (1972b),  Wallops  I,  10  Sep  1969. 

E  :  Dickinson  et  al  (1976),  S  Uist,  29  Aug  1972. 

F  :  Beynon  and  Williams  (1976),  S  Uist,  18  Sap  1970 
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3.  Winter  noon  distributions  of  electron  density 
Thick  curve  :  model 

G  :  Sechrist  et  al  (1969),  Wallops  J,  10  Jan  1966. 

I!  :  Sechrist  et  al  (1969),  Wallops  I,  31  Jan  1967. 

I  :  Beynon  and  Williams  (1976),  S  Uist,  6  Dec  196B. 
J  :  Dickinson  et  al  (1976),  S  Uist,  5  Dec  1968. 

K  :  Dickinson  et  al  (1976),  S  Uist,  3  Dec  1971. 

L  :  Widde 1  et  al  (1979),  Arenosillo,  4  Jan  1976. 
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4.  Summer  noon  models  of  electron  density  from  Azamin  and  Orlov  (1976), 
Bremer  and  .Singer  (1977),  Jones  and  Spracklen  (1976)  and  Mnnnnmara 
(1979).  Also  shown  for  comparison  is  the  model  from  Bain  and  Harrison 
(1972),  which  appears  in  Fig  1  as  well. 
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PAPER  s  32.  NUMERICAL  MODELING  OF  THE  PROPAGATION  MEDIUM  AT 
LF/VLF/LF 

AUTHOR  :  D.  G.  Morfitt 

QUESTIONER  !  T.  B.  Jones 

QUESTION  s  1.  The  "average  model  s“  of  the  D-Region  electron  dehsi  ty  profiles  are  very  useful 
for  general  system  planning.  However  the  day  to  day  variabil ty  limits  the  usefulness  of 
"average"  profiles  for  determining  the  propagation  conditions  on  any  specific  day.  Have  you 
considered  any  form  of  real  time  sensing  (sounding)  to  adjust  the  "average"  profiles  to 
conditions  which  exist  on  a  particular  day? 

2.  Small  changes  in  the  night  time  profile  move  the  field  strength  minima  with 
respect  to  transmitters.  This  great  sensitivity  of  the  minima  to  the  profile  is  a  major  problem 
in  obtaining  a  useful  model  for  any  given  set  of  experimental  night  time  field-strength  range 
resul ts. 

SESSION  6 

PAPER  *  32.  NUMERICAL  MODELING  OF  THE  PROPAGATION  MEDIUM  AT  ELF/VLF/I.F 
AUTHOR  2  D.  G.  Morfitt 
QUESTIONER  s  T.  B.  Jones 

QUESTION  2  1.  The  "average  models"  of  the  D-Region  electron  density  profiles  are  very  useful 

for  general  system  planning.  However  the  day  to  day  variability  limits  the  usefulness  of 
"average"  profiles  for  determining  the  propagation  conditions  on  any  specific  day.  Have  you 
considered  any  form  of  real  time  sensing  (sounding)  to  adjust  the  "average"  profile  to 
conditions  which  exist  on  a  particular  day. 

2.  Small  changes  in  the  night  time  profile  move  the  field  strength  minima  with 
respect  to  transmitters.  This  great  sensitivity  of  the  minima  to  the  profile  is  a  major  problem 
in  obtaining  a  useful  model  for  any  given  set  of  experimental  night  time  field  strength-range 
resul ts. 

RESPONSE  i  There  was  a  tremendous  amount  of  variation  in  our  experiments.  In  the  propagation 
data  shown  here  in  February  on  two  different  days  h'  varied  between  72  and  75.  Un  the  nighttime 
data  there  was  also  a  large  variation.  The  Beta  for  the  higher  frequencies  being  0.7  in  one 

case  and  I.?,  for  the  next  night.  Such  a  change  was  needed  to  interpret  the  variation  in  field 

strength  for  the  two  nights. 

However,  no  measurements  such  as  you  mentioned  are  planned  at  this  time. 

PAPER  s  32.  NUMERICAL  MODELING  OF  THE  PROPAGATION  MEDIUM  AT  ELf;/VLF/LF 
AUTHOR  :  D.  G.  Morfitt 

QUESTIONER  2  B.  Burgess 

QUESTION  :  A  very  interesting  paper.  Were  you  able  to  make  any  phase  or  time  delay  measurements 
on  your  flights?  I  think  when  you  match  profiles  to  data  the  phase  information  is  very  useful. 
Some  of  the  measurements  we  did  on  the  OMEGA-TRIM  I  DAD  which  Dr.  Jones  ind  his  colleagues  tried 
to  model  showed  that  the  signal  amplitudes  could  be  matched  quite  well.  But  when  you  came  to 

match  the  phase  as  well  this  proved  very  difficult,  especially  at  night  time.  The  model  is  very 

sensitive  tu  the  phase  measurements.  The  other  point  I  would  like  to  make  is  that  on  those 
measurements  which  took  on  the  OMEGA  transmissions  near  Trinidad  and  also  around  ALDRA,  in 
Norway  in  the  late  6U's,  we  found  that  when  we  flew  during  nigh* time?  on  the  ALDRA  transmissions 
the  signal  level  against  distance  measurements  we  obtained  were  very  similar  to  those  obtained 
during  daytime  around  Trinidad.  The  daytime  ones  taken  around  ALDRA  looked  very  much  as  if  the 
levels  of  the  D-Region  were  much  lower  than  they  would  have  been  in  the  middle  latitudes? 

The  phase  measurement  was  important  to  .us  because  we  were  mainly  interested  in  navigation.  We 
found  that  as  one  might  expect  phase  is  a  much  more  sensitive  parameter  than  amplitude  because 
you  only  have  to  move  the  reflection  point  a  little  hit  and  you  start  to  advance  the  phase 
where  you  may  not  even  change  the  amplitude.  Phase  is  certainly  much  more  sensitive  to  the 
model  that  you  use  than  amplitude. 

RESPONSE  :  In  particular  we  have  never  been  able  to  get  phase  measurements  on  the  aircraft 
nights.  Years  ago  when  Mr.  Hildebrand  had  the  sounder  set  up  in  Hawaii,  and  we  had  receiving 
sights  in  3an  Dic-go,  at  a  fixed  sight  receiver  we  did  obtain  phase  measurements. 

PAPER  2  32.  NUMERICAL  MODELING  OF  THE  PROPAGATION  MEDIUM  AT  ELF/ULF/LI 
AUTHOR  :  D.  G.  Morfitt 

QUESTIONER  :  E.  R.  Swanson 

QUESTION  :  1.  A  point  already  mentioned  by  Mi'.  Morfitt  but 

which  may  warrant  emphasis  is  that  amplitude  vs.  distance  functions  will  "look"  similar  with 
sleight  height  changes,  lhat  is,  a  first  approximation  is  as  Uiuugh  the  distance  scale  wire 
stretched  or  shrunk.  Thus  if  calculations  show  a  iharp  null  in  a  region  at  a  range  of  3  Mm  for 
one  ionospheric  model,  a  somewhat  different  ionospheric  model  un  a  particular  day  might  place 
the  null  at  3.1  Mm  but  there  would  be  a  null  somewhere  in  the  region.  Except  to  verify 
prediction  theories  we  are  rarely  interested  in  predicting  field  strength  for  a  specific 
location.  Rather,  we  want  to  predict  for  a  region  and  we  want  to  predict  not  only  the  most 
probable  value  but  also  the  probability  of  a  significant  null.  This  we  can  do  even  if  we  cannot 
predict  exactly  what  the  ionospherp  will  do  at  some  future  time. 

2.  Regarding  a  question  by  someone  on  the  lack  of  phase  measurements.  There  are  two 
factors  weighing  heavily  against  measurement  of  phase  as  a  function  of  distance.  First,  phase 
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is  only  defined  with  respect  to  a  local  clock  coordinated  with  that  at  the  transmitter.  This 
may  require  cesium  frequency  standards  and  will  present  problems  in  initialization.  Second, 
whereas  amplitude  tends  to  vary  slowly  with  distance,  phase  varies  approximate! y  one  cycle  per 
wavelength.  Thus  distance  must  be  determined  with  precision  which  requires  precise  location. 
One  degree  at  20  KH2  corresponds  to  about  42  meters  displacement  .  Location  is  rarely  known  to 
this  precision.  Practical  measurements  include  the  Omega  Phase  difference  and  beat  frequency 
differences  as  observed  by  Burgess.  However  these  types  of  measureroen ts  are  more  difficult  to 
interpret  than  field  strength  as  a  function  of  distance. 

PAPER  «  32.  NUMERICAL  MODELING  OF  THE  PROPAGATION  MEDIUM  AT  ELF/VLF/LF 
AUTHOR  s  D.  G.  Marti tt 

COMMENTER  :  T.  B.  Jones  <answering  as  Session  Chairman) 

COMMENT  :  It  can  be  done  if  you  use  phase  difference  and  use  one  receiver  to  lock  the  other.  I 
always  remember  being  very  impressed  flying  with  Burgess  and  seeing  how  it  locked  solid  when 
we  flew  over  GBR.  That  is  the  kind  of  information  you  want  if  you  are  interested  in  navigation 
but  not  for  communication, 

PAPER  :  32.  NUMERICAL  MODELING  OF  THE  PROPAGATION  MEDIUM  AT  ELF/VLF/LF 
AUTHOR  •  D.  G.  Marti tt 
COMMENTER  1  J.  S.  Bel  rose 

You  noted  that  the  international  reference  ionosphere  fitted  summer  but  did  not  fit 
winter,  I  must  admit  your  talk  is  very  up-to-date  because  you  are  employing  this  model  (or 
trying  to).  I  have  not  seen  the  book  yet.  I  would  suspect  it  is  heavily  weighted  to  the  middle 
latitudes  because  that  is  where  most  of  the  data  were  taken.  You  are  comparing  a  path  between 
Hawaii  and  California.  That  is  fairly  near  the  equator  and  there  would  not  be  much  seasonal 

change.  I  said  earlier  in  the  absence  of  better  data  one  could  look  at  the  pressure  profiles  to 

give  you  some  indication  of  how  much  difference  there  should  be  in  the  height  of  the  profile 
from  summer  to  winter.  There  is  very  little  difference  in  the  height  of  a  constant  pressure 
surface  between  summer  and  winter  at  low  latitudes.  There  is  3  to  4  Kilometers  at  middle 

latitudes  and  5  to  7  at  high  latitudes.  The  profiles  simply  have  to  go  up  and  down  by  that 

amount,  discounting  other  problems  in  connection  with  the  way  electrons  are  produced  and  lost. 
Electron  production  has  got  to  be  proportional  to  the  pressure.  The  radiation  comes  in  until  it 
burns  itself  out  and  ionization  is  produced.  You  have  interpreted  the  data  by  exponential 
profiles,  but  have  you  looked  enough  at  latitude  differences.  A  method  which  works  worldwide 
would  have  to  take  some  account  of  the  reference  height  of  an  exponential  profile  as  you  go 
from  low  to  high  latitudes  and  from  summer  to  winter. 

PAPER  1  33.  MODELLING  OF  THE  AMBIENT  AND  DISTURBED  IONOSPHERIC  MEDIA  PERTINENT  TO  ELF/VLF 
PROPAGATION 

AUTHOR  s  J,  B.  Reagan 
QUESTIONER  s.  J.  S.  Belrose 

QUESTION  s  I  certainly  agree  with  your  philosophy  that  experiment  is  needed  to  confirm  theory, 
but  you  seem  to  be  resting  very  heavily  on  using  ELF  for  confirmation,  even  for  the  quiet  day. 
One  would  have  the  impression  in  looking  at  your  data  that  ELF  is  not  particularly  sensitive  to 
profile  change.  The  change  from  a  normal  day  to  a  moderate  event  is  only  one  decibel.  Do  you 
have  any  feel  for  the  sensitivity  of  the  ELF  confirming  the  normal  day?  It  seems  you  could 
have  relatively  wide  changes  in  parameters,  and  still  end  up  with  little  change  in  ELF 
attenuation.  Since  the  effects  are  larger  on  VLF  and  since  ULF  data  does  exist,  why  has  the 
comparison  not  been  made  with  ULF  field  strengths  and  phase  heights. 

RESPONSE  :  That's  a  good  question.  You  are  quite  right,  El  F  is  not  particularly  sensitive 
during  daytime  conditions.  Of  course,  this  is  one  of  the  primary  reasons  why  it  is  being 
considered  for  communication  systems,  among  others.  The  work  we  have  done  suggests  it  takes 
intense  events  which  dump  energy  well  down  in  the  bottom  of  the  D-Region  in  order  to  effect  ELF 
propagation  significantly.  VLF  would  be  much  more  sensitive  and  therefore  more  sensitive  to 
the  average  solar  particle  event,  which  is  well  known.  We  have  not  done  any  modeling  w>  k 
involving  ULF  during  solar  particle  events.  But,  I  think  if  we  get  a  campaign  going  in  this 
solar  maximum  as  we  are  now  hopeful  of  doing,  one  would  want  to  study  both  ULF  and  ELF 
propagation.  Since  we  have  a  number  of  MLF  paths  currently  in  operation,  one  would  want  to 
operate  both,  take  the  data  on  both,  do  the  chemistry  modeling  and  apply  it  to  both  frequency 
ranges. 

PAPER  ;  31.  MODELS  OF  THE  MIDLATITUDE  D  REGION  AT  NOON 
AUTHOR  :  W.  C.  W.  C.  Bain 

COMMENTER  :  P.  A.  Kossey 

COMMENT  :  1  was  interested  in  the  technique  of  forcing  the  models  to  agree  with  data  over  a 

fairly  broad  frequ  .ncy  range  plus  in  addition  to  that  working  with  the  conversion  coefficient 
and  phase  height,  'le  found  in  our  limited  attempts  to  model  with  our  data  th*t  we  can  easily  do 
very  well  if  we  limit  the  frequency  range,  and  if  we  forget  about  the  conversion  coefficient, 
etc.  So  when  yon  force  the  model  to  agree  with  the  wave  polarization  over  <*  broad  frequency 
band.  As  Dr.  Bain  has  done,  it  is  apparent  that  this  is  the  way  to  go  and  in  fact  it  is  a  very 
large  task.  I  am  very  impressed  by  the  results  he  has  obtained. 

I  believe  Dr.  Bain  was  the  first  on*,  by,  looking  at  interference  patterns  back  in 
1952,  to  speculate  on  this  C-layer  which  has  been  rather  controversial  and  is  still  quite 
little  understood.  His  paper  with  Bracewelt  which  compared  steep  and  oblique  incidence 
observations  of  GBR  ( 14KHZ)  speculated  on  such  a  layer  being  there,  and  a  lot  of  work  has  gone 
on  now,  showing  that  that  is  certainly  the  case. 

PAPER  :  34.  MODELS  OF  THE  MIDLATITUDE  D  REGION  AT  NOON 
AUTHOR  :  W.  C.  Bain 


QUESTIONER  s  T.  B.  Jones 

QUESTION  :  One  Gf  the  problems  in  all  this  modeling  work  is  the  limited  set  of  experimental 
data  that  one  starts  with.  Dr.  Bain  showed  tour  frequencies,  two  conversion  coefficients  both 
in  amplitude  and  phase.  There  was  some  work  done  by  She] Iman  at  San  Diego,  and  by  ourselves  at 
Leicester  which  quantifies  the  errors  that  one  will  get  either  in  electron  density  or  in  height 
and  its  a  tradeoff  between  whether  you  get  good  height  or  good  electron  density.  This  work  was 
the  so-called  inversion  technique.  I  think  one  has  to  be  very  careful  in  all  this  type  of 
modeling  in  not  trying  to  abstract  too  much  detail  from  the  set  of  data  that  one  has.  For  those 
interested  I  would  refer  them  to  both  Dr.  Shellman's  work  and  our  own.  It  is  very  interesting 
when  you  try  to  quantify  exactly  how  much  detail  one  can  extract  from  a  given  data  set.  I 

think  you  will  find  you  need  a  very  substantial  data  set,  if  you  are  to  go  for  a  detailed 

profile,  which  you  would  ideally  like  to  utilize  for  propagation  calculations. 

PAPER  s  34.  MODELS  OF  THE  MIDLATITUDE  D  REGION  AT  NOON 
AUTHOR  :  W.  C.  Bain 
QUESTIONER  :  J.  B.  Reagan 

QUESTION  i  In  the  data  that  you  showed  there  is  easily  an  order  of  magnitude  spread  in  either 
the  summer  time  or  winter  time  model  at  any  given  altitude.  Could  you  comment  from  your 
experience  on  how  much  of  that  might  be  real  variation  in  the  D-Region  and  how  much  ot  it  might 
be  due  to  experimental  error'  in  the  various  techniques  that  are  used. 

RESPONSE  ;  That  is  difficult  to  answer  if  we  take  the  experimental  results,  certainly  there  are 

errors  there ,  I  cited  in  the  paper,  I  think,  some  estimates  of  errors,  about  20%  at  1 6 

Kilohertz  ano  50%  at  higher  frequencies,  so  we  have  by  no  means  achieved  a  tremendous  accuracy 
there.  1  don't  know  that  I  can  make  any  other  useful  comments  on  your  question. 

PAPER  :  34.  MODELS  OF  THE  MIDLATITUDE  D  REGION  AT  NOON 
AUTHOR  s  W.  C.  Bain 
QUESTIONER  ;  T.  B.  Jones 

QUESTION  i  Returning  to  this  point  of  fitting  a  profile  to  agree  with  data  over  a  wide 
frequency  range.  If  you  try  to  fit  ULF  and  HF  data,  the  profile  has  to  account  fur  the  HF 
absorption  as  well.  That  is  a  whole  different  problem,  if  you  must  fit  both  ULF  and  LF,  as  will 
as  HF  absorption,  this  is  an  even  more  stringent  test. 

RESPONSE  :  I  think  you  will  find  that  the  winter  profiles  do  go  up  in  electron  density  to  above 
8U  Km.  This  would  tie  up  with  some  of  the  anomalous  absorption  in  winter,  in  fact  the  profile  I 
gave  was  meant  to  tie  up  with  a  profile  in  winter  over  the  UK  whon  you  would  expect  a  moderate 
winter  anomaly  to  be  present. 
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ABSTRACT 

Omega  is  a  very  long-range,  very  low  frequency  (VLF)  radio  navigation  system  which  now  provides 
nearly  global  coverage  for  ships  and  aircraft.  The  final  station  of  eight  is  now  being  completed  in 
Australia.  Coverage  is  not  only  nearly  global  but  is  also  highly  redundant  with  more  than  the  minimum 
required  number  of  signals  available  in  most  locations.  The  system  is  in  general  use  in  both  the  marine 
and  aeronautical  environments  both  commercially  and  militarily.  Acceptance  by  commercial  airlines  has 
been  especially  rapid.  Receivers  range  from  simple  phase  comparison  units  which  must  be  supported  by 
specal  propagation  tables  and  plotting  charts  to  fully  automatic  receivers  which  read  out  in  latitude  and 
longitude  after  being  initialized  with  no  more  than  approximate  location  and  time.  Realizable  fix 
accuracy  is  usually  on  the  order  of  one  to  two  nautical  miles. 

This  paper  follows  overviews  of  VLF  propagation  presented  by  others  with  some  specific  comments  and 
observations  of  application  to  navigation.  Special  attention  is  directed  to  the  subject  of  signal 
coverage.  For  communications,  it  is  only  needed  to  receive  a  signal  with  adequate  signal-to-noise  ratio. 
For  navigation,  it  is  also  necessary  that  the  signal  have  a  well  defined  or  characterized  phase  variation 
in  space,  (lmega  coverage  consideration',  have  proved  to  be  more  formidable  than  was  originally  envisaged. 

The  paper  provides  a  general  overview  of  Omega  with  attention  to  Administration,  Synchronization, 
Traditional  Applications,  Lane  Ambiguity  Resolution,  Special  Applications,  and  Differential  Omega. 
Combined  systems  using  both  Omega  and  VLF  communications  signals  are  mentioned. 


FOREWORD 

An  overview  of  any  complex  subject  is  always  difficult  to  write.  Navigation  is  both  a  specialized 
field  with  its  own  unique  problems  and  nomenclature  and  also  an  interdisciplinary  area  which  uses  results 
and  developments  in  many  other  fields.  Literature  supporting  Omega  is  extraordinarily  voluminous  and  will 
be  found  scattered  in  a  number  of  areas  including  the  geophysical,  propagatinnal ,  electronic  and 
statistical  technical  literature  as  well  as  within  the  specifically  navigational  literature.  Thousands  of 
publications  now  exist  dealing  principally  with  various  aspects  of  Omega.  A  professional  society  also 
exists  to  foster  use  and  understanding  of  the  system:  The  International  Omega  Association,  P.0.  Box  2324, 
Arlington,  V A  22202,  USA.  The  association  produces  various  publications  including  a  bibliography 
conveniently  divided  into  ten  subject  areas  and  proceedings  of  annual  meetings  (10A,  1981).  Proceedings 
from  the  1980  meeting  in  Bergen,  Norway  are  now  available  and  total  520  pages  thus  illustrating  the 
continuing  volume  of  work  with  Omega  (10A,  1980).  Although  this  paper  has  been  prepared  for  a  propagation 
panel  meeting,  it  is  oriented  more  generally  toward  the  Omega  system  than  specifically  toward  its 
propagational  aspects.  A  paper  dealing  explicitly  with  propagation  was  given  by  this  author  at  Istanbul 
in  19/6  (Swanson,  1976)  and  would  require  little  update.  A  limited  discussion  of  propagation  is  Included 
based  on  an  abridgment  of  the  Istanbul  paper  with  limited  updating.  However,  the  original  discussion 
would  be  best  read  in  its  entirety.  Omega  propagation  has  most  recently  been  reviewed  by  Redor  (1981). 
There  is,  however,  a  need  for  a  general  review  of  the  system  both  as  a  major  application  of  VLF  and  also 
as  perhaps  the  world's  best  source  of  VLF  signals  (or  research  purposes.  No  attempt,  lias  been  made  to 
provide  exhaustive  references.  Rather,  recent  work  by  active  authors  has  been  cited  as  well  as  certain 
fundamental  works.  Where  applicable  an  effnrl  has  also  been  made  to  cite  references  In  tho  forthcoming 
proceedings  of  the  International  Omega  Association's  Montreal  meeting  thus  pointing  to  a  single  source  for 
much  additional  current  Information. 

1.  OMEGA 

Omega  is  a  very  low  frequency  (VLF)  navigation  system  operating  in  the  internationally  allocated 
navigation  band  between  10  and  14  kHz.  Seven  stations  presently  provide  nearly  global  coverage.  The 
final  of  the  eight  planned  stations  is  being  i  [instructed  in  Australia  and  is  expected  to  be  completed  in 
May  1982  (Brough,  1981;  0NS00,  1981).  The  present  system  is  already  supporting  10,000  users  who  are  split 
more  or  less  evenly  between  the  marine  and  aeronautical  communities.  Receivers  range  from  relatively 
simple  instruments  using  only  one  of  the  frequencies  provided  by  Omega  to  complex  instruments  able  to 
receive  all  frequencies  from  all  eight  Omega  stations  and  process  this  information  to  readout  directly  in 
latitude  and  longitude.  Commercial  acceptance  has  been  particularly  rapid  in  the  airborne  community 
within  the  last  few  years.  It  may  well  be  Irut  that  Omega  has  already  provided  benefits  to  justify  its 
entire  development  and  implementation  costs  even  though  the  system  is  not  yet  fully  completed.  Thus 
although  the  initial  station  construction  phase  of  Omega  implementation  is  still  in  progress  and  various 
other  aspects  warrant  research.  Omega  has  been  used  operationally  for  many  years. 

1.1  History 

Omega  has  evolved  considerably  from  the  initial  suggestion  by  J.  A.  Pierce  in  194/  of  the 
possibility  of  constructing  a  long  range  hyperbolic  navigation  system  based  on  phase-difference  techniques 
rather  than  time  differences.  In  particular,  a  system  operating  in  the  vicinity  ol  50  kHz  with  a  sine 
wave  modulation  of  200  llz  was  suggested.  An  experimental  system  ot  this  type  called  Kadux  was  constructed 
by  the  then  Navy  Electronics  Laboratory  (now  Naval  Ocean  Systems  Center).  Subsequently,  in  1955,  it  was 
suggested  that  the  Radux  information  from  tile  LF  Signal  he  combined  with  a  separate  VLF  transmission  near 
10  kHz.  This  system  was  called  Radux  Omega  and  initial  1  ) .'/  kHz  transmissions  wore  made  in  1955,  later 
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the  LF  transmissions  were  discontinued  and  ranges  were  expanded  to  a  single  frequency  Omega  system  and, 
later,  a  multifrcruiency  Omega  system.  Omega  can  thus  trace  a  thirty-four  year  evolutionary  history  and 
has  included  transmissions  at  the  system  base  frequency  for  twenty-six  years. 

Modern  transmissions  using  stations  in  Norway,  Trinidad,  Hawaii,  and  Forestport,  New  York  began  in 
1966.  Previously,  stations  were  used  in  a  conventional  slave-master  configuration.  Modern  transmissions 
are  derived  from  a  bank  of  cesium  frequency  standards  at  each  station  and  each  station  is  controlled  as  a 
source  of  standard  signals.  The  modern  arrangement  is  especially  practical  for  a  global  system  ’n  that 
the  navigator  can  pair  stations  in  any  convenient  way  to  obtain  useful  hyperbolic  geometry  and  signals. 
The  modern  configuration  has  also  proved  more  reliable  than  older  arrangements. 

1.2  Implementation 

Practical  implementation  of  Omega  requires  work  in  three  broad  areas:  station  design  and 
construction;  receiver  design,  manufacture  and  installation;  and  propagational  theory  development  and 
implementation  leading  to  either  practical  models  for  Incorporation  in  automatic  receivers  or  charts  and 
tables  for  use  manually.  Work  'n  all  three  areas  has  been  proceeding  concurrently  for  a  number  of  years. 
However,  it  is  the  station  construction  schedule  which  has  received  the  most  attention.  Rather 
apparently,  crude  navigation  may  be  attempted  with  crude  receivers  and  poor  propagational  knowledge;  no 
navigation  can  be  attempted  without  signals. 

Station  sitings  are  shown  in  figure  1.  All  stations  shown  are  presently  constructed  except  the 
statiun  in  Australia.  The  stations  are  given  in  Table  I  according  to  letter  designation,  location, 
antenna  type  and  operating  agency  (modified  from  Tables  I  and  II  of  Herbert  and  Nolan,  1976).  The  nominal 
radiated  power  of  all  stations  is  10  kW  at  10. 7  kHz.  As  previously  noted,  the  estimated  completion  date 
of  Australia  is  May  1982. 


TARLE  I 

TRANSMITTING  STATIONS 


STATION 

LOCATION 

ANTENNA  TYPE 

OPERATING  AGENCY 

A 

Brat  land,  Norway 

Valley  Span 

Norwegian  Telecommunications 
Administration 

8 

Liberia 

Grounded  Tower 

Dept,  of  Commerce,  Industry, 
and  Transportation 

C 

Haiku,  Hawaii 

Valley  Span 

U.S.  Coast  Guard 

0 

La  Moure,  North 
Dakota,  USA 

Insulated  Tower 

U.S.  Coast  Guard 

E 

La  Reunion  Isl , 
Indian  Ocean 

Grounded  Tower 

French  Navy 

F 

Golfo  Nuevo, 
Argentina 

Insulated  Tower 

Argentina  Navy 

G 

Australia 

Grounded  Tower 

Australian  Dept,  of  Transport 

II 

Tsushima  Island, 
dapan 

Insulated  lower 

Japanese  Maritime  Safety 
Agency 

System  management  has  been  described  by  Herbert  and  Nolan  (1975).  Omega  stations  not  on  U.S.  soil 
arc  operated  by  host  nation  agencies  who  are  responsible  for  maintaining  the  Omega  signal  without 
interruption  and  in  phase  with  the  world-wide  Omega  Navigation  System.  These  agencies  were  listed  in 
Table  I.  Especially  important  areas  of  international  cooperation  include  the  coordination  of  maintenance 
periods  to  avoid  simultaneous  outages  of  two  or  more  stations  thus  achieving  the  reliabilities  indicated 
in  section  1.5  and  synchronization  as  described  in  the  f'o1  lowing  section. 

An  up  to  date  status  report  is  usually  included  at  annual  meetings  of  the  International  Omega 
Association  as,  most  recently,  by  Vonce  (1981).  Typically  included  is  a  discussion  of  present  plans  and  a 
summary  of  continuing  programs  of  the  U.S.  Coast  Guard  Omoga  Navigation  System  Operations  Detail  (ONSOO). 
Plans  currently  include  continuing  to  operate  a  global  monitoring  network,  continuing  work  on  signal 
coverage,  and  continuing  to  validate  various  regions.  Validation  work  has  now  addressed  the  Western 
Pacific  (Karkallck,  1978),  the  North  Atlantic  (Campbell  ot  al.,  1980),  and  the  North  Pacific  (Levine  and 
Woods,  1981)  and  the  South  Atlantic.  The  U.S.  Federal  Aviation  Agency  also  maintains  a  specialized  data 
hank  to  validate  airborne  performance  (Erickson  and  Rzonca,  i980).  The  most  recent  status  report 
published  in  a  navigation  journal  was  by  Vass  (1978)  and  is  now  somewhat  dated  but  still  worth  reading. 

1.3  Synchronization 

Omega  is  by  far  the  best  controlled  navigation  system  from  the  viewpoint  of  precise  timing 
(Swanson,  1981a).  Observations  are  taken  and  calculations  performed  to  determine  weekly  synchronization 
adjustments  which  are  then  inserted  to  maintain  time  at  each  station.  Synchronization  within  the  system 
is  maintained  based  on  observations  at  sites  near  each  transmitter  where  remote  signals  can  be  compared 
with  those  generated  locally  (Swanson  and  Kugel,  1971).  As  equivalent  "reciprocal"  measurements  are  made 
at  other  stations,  the  propagation  delay  can  be  effectively  estimated  on  an  instantaneous  path  by  path 
basis.  Although  Omega  itself  will  contain  37  cesium  frequency  standards  when  Australia  is  complete. 
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synchronization  to  Coordinated  Universal  Time  (UTC)  is  based  on  the  U.  S.  Naval  Observatory  as  a 
reference.  Four  independent  types  of  linkage  may  be  available:  VLF  measurements  of  the  Omega  signals 
received  at  the  Observatory,  satellite/TV  transfer  comparison,  Loran-C  transfer  comparison  and  portable 
clock.  Non-VLF  measurements  provide  significantly  increased  accuracy  over  conventional  VLF  techniques  but 
are  not  currently  available  on  a  regular  basis  for  all  Omega  stations.  An  important  link  is  by  satellite 
to  Wahiawa,  Hawaii  and  then  by  Lorari  C  transfer  comparison  to  Omega  Hawaii.  Calculations  are  based  on  an 
elaborate  computer  program  Incorporating  a  Kalman  filter  (Shane,  1976;  Santamore  et  al . .  1976). 
Synchronization  instructions  are  generated  and  issued  by  the  Japanese  Maritime  Safety  Agency  in  Tokyo.  At 
any  given  time  any  Omega  station  is  likely  to  be  synchronized  to  UTC  as  represented  at  the  U.S.  Naval 
Observatory  to  one  or  two  microseconds. 

1.4  Format 

Basic  Omega  signals  consist  of  very  low  frequency  10.2  kHz  continuous  wave  pulses  transmitted 
sequentially  from  each  station.  Since  the  transmissions  are  time  shared,  a  commutator  is  required  to 
separate  each  station  within  the  10-second  commutation  pattern  shown  in  figure  2.  The  commutation  scheme 
is  unambiguous  and  is  synchronized  in  a  known  relationship  to  Coordinated  Universal  Time  (UTC).  However, 
the  Omega  commutation  pattern  is  no  longer  simply  related  to  regularly  broadcast  time  pulses  as  was  once 
the  case  when  UT-2  was  broadcast.  The  commutation  pattern  was  originally  defined  to  commence  beginning  at 
0000  hours  and  repeat  every  10  seconds.  Present  standard  time  transmissions  employ  "leap"  seconds  which 
are  used  typically  once  or  twice  per  year.  For  Omega  to  follow  leap  seconds  would  require  each  user  to 
jump  his  commutator  whenever  leap  seconds  were  introduced  to  standard  time.  This  is  operationally 
inconvenient.  Worse,  it  is  potentially  dangerous  in  the  event  some  user  does  not  get  informed  of  the 
forthcoming  time  change.  A  one  second  change  is  sufficiently  close  to  a  one  segment  misalignment  that  it 
is  possible  for  a  receiver  to  appear  to  be  tracking  satisfactorily  but  actually  be  tracking  on  different 
pairs  of  signals.  The  inconvenience  during  set-up  of  having  off-sets  between  Omega  and  International  Time 
must  be  weighed  against  the  inconvenience  and  incipient  hazard  of  having  occasional  leap  seconds.  At 
present  Omega  epoch  leads  UT  by  ten  seconds  which  is  immaterial  considering  transmissions  at  10.2  kHz 
alone  but  of  importance  considering  the  full  format. 

A  hyperbolic  Omega  receiver  measures  the  phase  of  two  or  more  Omega  stations  against  a  reference 
generated  from  an  internal  oscillator.  The  internal  oscillator  permits  storage  of  the  phase  information 
so  that  the  relative  phases  of  the  different  stations  can  be  intercoinpared.  Readout  is  the  phase 
difference  in  centicycles  between  selected  stations  and  ordinarily  is  recorded  continuously  on  strip  chart 
recorders.  Since  the  comparisons  are  all  between  signals  of  the  same  frequency,  no  internal  ambiguity  can 
ai  ise  within  the  receiver  due  to  circuitry  performing  frequency  translation.  Further,  a  hyperbolic  Omega 
receiver  has  no  intrinsic  specification  for  absolute  radio  frequency  phase  shift  since  shifts  common  to 
all  stations  will  be  removed  in  the  hyperbolic  differencing.  The  system  does,  however,  have  an  Inherent 
physical  ambiguity.  Since  adjacent  carrier  cycles  cannot  be  distinguished,  the  measured  phase  of  each 
carrier  is  inherently  ambiguous  by  an  integral  number  of  cycles.  Hyperbolic  phase  differences  on  a 
baseline  between  two  stations  are  ambiguous  by  the  hyperbolic  spacing  of  one-half  wavelength  (about  8 
n.mi .  at  10.2  kHz) . 

Because  of  continuous  operation,  the  navigational  lane  ambiguity  problem  inherent  in  a  single 
frequency  system  is  hopefully  not  troublesome  to  the  navigator.  However,  additional  frequencies  are 
included  in  the  full  Omega  format  to  permit  reestablishment  of  lane  should  difficulties  occur  (Fig.  3). 
Additional  frequencies  included  for  lane  identification  are  13.6,  11  1/3  and  11.06  kHz.  They  may  be  used 
independently  in  exactly  the  same  manner  as  the  10.2  kHz  transmissions.  However,  ambiguities  in 
hyperbolic  13. l>  kHz  1  ines-of-position  will  he  coincident  with  those  at  10.2  kHz  only  every  24  miles. 
Similarly,  LOP's  at  11  1/3  will  only  be  coincident  every  72  miles  and  those  at  11.05  only  every  288 
miles.  Comparison  of  the  coincidence  of  1  ines-of-position  obtained  at  the  various  frequencies  can  thus 
serve  to  establish  the  proper  lane  of  the  10.2  kHz  carrier  within  the  288  mile  ambiguity  of  the  lowest 
beat  frequency  (Pierce  et  al.,  196G;  Swanson,  1965;  Swanson  and  lleppcrley,  1959;  Burgess,  1669;  Burgess 
and  Walker,  1970;  Swanson,  1978).  Some  modern  receivers  do  not  process  information  hyperbnlically  and 
tiave  a  limited  lane  resolution  capability  to  lane  widths  of  576  n.mi.  (+288  mi.),  i.e.,  the  full 
wavelength  of  the  lowest  oifference  frequency.  Several  practical  aspects  of  lane  resolution  should  be 
emphasized:  11  lane  is  usually  estabiished  in-port  and  maintained  by  continuous  tracking;  2)  in  the  event, 
of  single  station  outage  using  a  four  station  receiver,  no  ambiguity  has  occurred;  3)  brief  outages 
present  no  problem  since  lane  is  easily  re-established  by  dead  reckoning;  4)  if  a  lane  ambiguity  arises, 
it  is  probably  not  on  all  LOP's  therefore  not  all  need  be  redetermined;  5)  if  not  all  lanes  have  been 
lost,  lane  can  be  reset  by  intersecting  existing  LOP's  with  only  one  external  navigational  LOP  sur.h  as  sun 
line,  depth  contour,  radar-range,  etc.;  and  6)  ir  coincidence  nf  lanes  is  not  reasonably  "close," 
navigation  directly  on  the  difference  frequency  is  possible,  or  alternatively,  stations  may  he  paired 
differently  to  present  less  accurate  fixing  within  unambiguous,  more  highly  divergent  1  ines-of-posi t ion . 
The  latter  options  are  particularly  important.  Omega  lane  resolution  need  never  be  forced.  Lanes  may  be 
resolved  selectively.  If  an  ambiguity  of  0  miles  should  develop  on  an  LOP,  it.  is  still  possible  to  use 
the  3.4  kHz  beat  position  derived  from  13.6  and  10.2  kHz  to  an  unambiguous  position  accuracy  of  about  two 
miles.  If,  at  some  later  time,  coincidence  improves,  then  the  carrier  lane  identification  can  confidently 
be  made  (Swanson,  1971). 

Figure  3  also  shows  additional  transmissions  on  unique  frequencies  indicated  by  f;,  fp,  ....  ffj. 
They  are  useful  for  VLf  navigation  as  described  in  section  2  and,  coincidentally,  are  very  useful  for 
frequency  dissemination.  The  283  1/3  Hz  Omega  difference  frequency  can  be  used  to  identify  carrier  cycles 
directly  in  specialized  timing  applications  (Wilson  et  a_h ,  1972;  Chi  and  Wardrip,  1974;  Kuqel,  1975 
(contains  bibliography);  Swanson,  1981a). 

1.5  Practical  Navigation 

Omega  is  used  primarily  because,  as  Stringer  (1970)  observed  at  a  meeting  of  the  British  Institute 
of  Navigation,  "It  satisfies  the  three  R's  -  reliability,  redundancy  and  ranqe."  The  existing  operational 
stations  individually  maint-ained  an  average  97.6  percent  signal  availability  during  1980  (Rzonca,  1981). 
The  Mean  Time  Between  Failure  (MTBK)  of  receiving  equipment  has  been  good  ranging  from  several  thousand 
hours  for  many  designs  to  17,000  hours  or  several  years  for  highly  reliable  mature  designs.  Omega  is  the 


first  radio  navigation  system  to  be  deliberately  designed  to  include  redundancy.  Omega  signals  propagate 
to  groat  range.  (One  significant  limitation  on  use  of  a  signal  will  often  be  due  to  a  station  interfering 
with  itself  through  the  signal  propagation  around  the  world  by  both  a  short  and  long  path).  In  many 
locations  all  eight  stations  may  be  detectable  although  perhaps  only  five  or  six  may  be  useable.  One  key 
to  reliability  is  thus  the  probability  of  having  morn  than  one  transmitter  off  the  air  simultaneously.  An 
approach  to  this  type  of  analysis  has  been  presented  by  Bruckner  and  Auerbach  (1976)  and  has  been  applied 
to  Omega  (Frye,  1978).  Rzonca  (1901)  shows  simultaneous  outages  by  two  stations  to  have  occurred  0.1 
percent  of  the  time  in  1980  but  that  the  median  duration  of  simultaneous  outages  was  only  six  minutes  and 
only  one  exceeded  two  hours. 

Manual  Omeqa  navigation  requires:  antenna,  antem  coupler,  receiver  (preferably  with  strip  chart 
recorders),  predicted  propagation  correction  tables,  and  perbolic  charts  (or  lattice  tables).  Equipment 
was  once  built  by  numerous  manufacturers.  Available  c  ts  and  tables  are  listed  in  the  catalog  of  the 
U.S.  Oceanographic  Office.  Once  the  equipment  Is  installed,  it  must  be  properly  checked  out  and 
synchronized  to  the  computation  pattern.  Checkout  procedures  can  vary  between  equipments  of  various 
manufacturers.  Synchronization  with  the  commutation  pattern  is  obtained  by  one  of  three  methods:  1)  look 
at  (or  listen  to)  the  Omega  signals  and  move  the  commutator  into  alignment;  2)  knowing  the  relation 
between  Omega  and  International  Time,  start  the  commutator  from  a  standard  10-second  pulse  such  as  might 
be  obtained  from  WWV8;  or  3)  knowing  the  strongest  signal  in  the  area,  align  the  commutator  until  the 
correct  segment  corresponds.  In  practice  the  third  alternative  is  the  most  commonly  used  although, 
because  of  anisotropy  in  signal  propagation,  a  guess  of  the  strongest  signal  expected  in  an  unfamiliar 
area  can  be  hazardous.  Once  commutation  is  properly  established,  phase  tracks  should  settle  within  a  few 
minutes  and  a  fix  may  bn  taken,  knowing  the  actual  position  and  working  backwards,  correct  lane  counts 
can  be  annotated  on  strip  chart  recorders  and/or  lane  counters  set.  Before  sailing,  it  is  desirable  to 
prepare  hyperbolic  predicted  propagation  corrections  for  the  station  pairs  selected  for  use  on  the 
voyage.  If  the  scale  of  available  Omega  charts  is  not  satisfactory,  lattice  tables  should  be  used  to  plot 
Omega  lanes  on  the  local  charts. 

Underway,  the  fixing  procedure  is  simply  to  read  the  various  phase  differences  indicated  by  the 
receiver,  add  the  respective  skywavo  corrections,  and  plot  the  resulting  LOP's  on  the  chart.  Fix 
reduction  takes  only  a  few  minutes.  Of  course,  some  reasonableness  checks  shnuld  be  made  prior  to  taking 
the  fix.  Commutation  synchronization  can  be  checked.  If  the  receiver  is  equipped  with  a  "no  signal" 
light  or  with  field  strength  indication,  the  navigator  should  assure  himself  that  adequate  signals  are 
available.  Also,  strip  chart  records  should  be  scanned  to  verify  continuous  tracking  and  lane  count. 
Ironically,  the  high  reliability  and  automatic  tracking  of  Omega  place  an  unusual  premium  on 
self-discipline  in  routinely  performing  reasonableness  checks.  If  Omega  were  not  reliable,  the  navigator 
would  appreciate  the  obvious  need  for  performing  elementary  checks.  However,  since  a  hundred  fixes  may  be 
obtained  without  difficulty,  it  is  human  nature  to  assume  there  will  never  be  any  difficulty. 

Manual  Orr  .ga  receivers  are  now  largely  technologically  obsolescent.  The  foregoing  discussion  was 
included  for  perspective  and  acknowledgment  of  the  fact  that  thousands  of  such  equipments  still  exist  and 
are  still  being  used  for  navigation.  Manual  single  frequency  receivers  are  still  the  only  types  installed 
on  most  U.S.  Navy  surface  ships.  Fixes  of  the  type  obtained  from  a  single  frequency  manual  receiver  were 
recently  deduced  from  observations  at  fixed  sites  sampled  throughout  the  world  at  ail  times  of  day  and  all 
seasons  uf  the  year  (Swanson,  1981b).  Fix  errors  are  display'd  in  figure  A  wjiich  includes  data  from  some 
sites  which  are  atypical.  Restricting  data  to  conditions  more  ordinarily  encountered  lowers  the  median 
circular  error  probable  (c.o.p.)  to  1.5  n.mi.  instead  of  the  2.0  n.mi.  obtained  in  figure  4.  Single 
frequency  results  are  summarized  in  Table  II.  Figures  for  backup  coverage  indicate  the  accuracy  available 
when  one  of  the  most  desirable  signals  for  navigation  is  missing. 


TABLE  II 

10.2  kHz  FIX  ACCURACY 
(c.e.p.;  n.mi.) 


COVERAGE 


SITE  SKLECTION 

PRIMARY 

BACKUP 

CONSERVATIVE 

?A, 

3.3 

TYPICAL 

1.5 

3.2 

Modern  receivers  are  computer  based  and  use  multiple  Frequencies,  model  propagation  delays  arid 
combine  and  process  information  to  i-eaoout  in  latitude  and  longitude.  Early  in  the  development  of  Omega  a 
need  was  recognized  for  automatic  fix  reduction  in  a  rapidly  moving  airplane  especially  if  the  navigation 
was  to  be  done  by  the  pilot  or  first  officer  in  a  cramped  cockpit  instead  of  by  a  professional  navigator 
with  at  least  some  limited  area  for  plottinq.  The  first  practical  airborne  Omega  navigation  equipment  was 
the  AN/ARN-99  developed  by  Northrup  (Smith,  1971)  which  includes  such  navigational  conveniences  as 
optional  readout  of  "Oistance-ta-go",  bearing  to  preselected  "way"  points,  ground  speed,  etc.,  as  well  as 
position.  The  receiver  approach  can  now  be  implemented  using  microprocessors.  As  costs  have  decreased 
and  the  ability  to  relieve  the  user  of  much  of  the  work  load  has  been  demonstrated,  automatic  receivers 
have  also  become  attractive  to  mar i np  users.  Although  modern  receiver  designs  of  various  manufacturers 
differ  considerably  in  detail,  use  of  multiple  frequencies  and  multiple  stations  with  processing  to 
readout  the  usual  convenient  navigational  parameters  is  common.  One  marine  receiver  is  internally 
integrated  with  satellite  navigation  while  many  airborne  receivers  include  an  option  to  use  VLF  signals 
emitted  by  communications  stations  (see  section  2). 

Accuracy  specifications  for  automatic  receivers  have  been  addressed  by  Sakrari  (1974)  and  by  Special 
Committee  126  of  the  Radio  Technical  Commission  for  Aeronautics  (RTCA).  A  recent  flight  evaluation  by 
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Sakran  (1981)  shows  accuracy  of  one  receiver  to  be  1.24  n.mi.  (c.e.p.)  over  primarily  daytime  flights  in 
the  continental  United  States.  A  number  of  other  flight  test  programs  with  various  equipments  over  the 
past  several  years  suggest  a  typical  accuracy  of  about  l*s  n.mi.  However,  propagation  correction 
coefficients  were  recently  improved  (Morris  and  Swanson,  1980).  Table  Ill  (from  Swanson,  1981b)  shows  a 
conservative  if  somewhat  speculative  estimate  for  worldwide  24-hour  accuracy  of  a  modern  receiver  using 
modern  propagation  corrections. 


TABLE  III 

MULTI -FREQUENCY  FIX  ACCURACY 
(c.e.p.;  n.mi.) 


COVERAGE 


SITE  SELECTION 

PRIMARY 

BACKUP 

CONSERVAi IVE 

1.2 

2.0 

TYPICAL 

0.9 

2.2 

1.6  Special  Uses 

A  number  of  specialized  uses  or  forms  nf  Omega  have  developed  to  exploit  particular  aspects  of  the 
system.  Ordinarily,  Omega  accuracy  will  not  be  significantly  influenced  by  poor  signal  to  noise  ratio. 
Usually  signals  will  not  bn  marginal  and  the  primary  accuracy  limitation  will  be  due  to  inherent  day  to 
day  fluctuations  in  the  transfer  (or  "mapping")  function  of  the  propagation  medium  itself  (Swanson,  1970). 

Since  errors  will  be  introduced  by  all  segments  of  the  long  Iransmission  paths  to  an  area,  it 
follows  that  two  receivers  in  the  same  area  will  exhibit  similar  errors.  This  spatial  correlation  results 
in  excellent  rendezvous  accuracy  and  also  excellent  accuracy  for  relative  navigation  such  as  might  be 
needed  within  a  task  force  or  for  traffic  control.  Differential  Omega  is  a  system  designed  to  upgrade 
nominal  system  accuracy  in  local  areas  through  use  of  spatial  correlation  (Swanson  et  a_h ,  1974a;  Nard, 
1981;  Watt  et  aj..,  1981;  Rick,  1981;  McKay  and  Adams,  1981).  Although  aeronautical  use  of  Differential 
Omega  Is  still  in  the  development  stage,  marine  use  is  well  advanced.  The  International  Maritime 
Consultative  Organization  (1MC0)  has  adopted  a  standard  for  Marine  Oi f ferenti al  Omega  (Piotri,  1980). 
France  has  Installed  full  coverage  within  its  own  European  coastal  waters  and  elsewhere  while  other 
nations  have  also  installed  Differential  Beacons  as  shown  in  figure  5.  Expansion  plans  for  Differential 
Omega  have  been  described  by  Nard  (1981). 

Differential  Omega  concepts  and  principals  can  be  exploited  oven  without  formal  construction  of  a 
Differential  Omega  navigation  system.  Oceanographic  surveys  have  exploited  differential  properties.  One 
scheme  to  measure  winds  aloft  employs  an  Omega  transponder  in  a  weather  balloon.  Comparison  of  the 
indicated  balloon  position  with  the  indicated  position  of  similar  equipment  operated  on  the  ground  allows 
determining  the  position  of  the  balloon  as  a  function  nf  time  anti  hence  calculation  of  the  upper 
atmosphere  winds. 

The  Omega  radio  Field  can  also  be  sensed  as  an  input  to  what  might  be  called  position  monitoring 
systems  or  cooperative  surveillance  systems.  An  early  suggestion  was  the  use  nf  Omega  for  monitoring  the 
location  of  free  drifting  weather  balloons.  An  Omega  Position  and  Location  Experiment,  OPEC,  and 
follow-on  experiments  for  tracking  vehicles  or  traffic  control  were  conducted  by  NASA  (Laughlin  et  al. , 
1965;  Laughlin,  et  al.,  1967).  lhese  systems  employed  an  onboard  Omega  transponder  and  a  satellite  relay 
to  a  central  processing  site.  Another  similar  system  was  suggested  as  ,i  position  reporting  service  for 
use  in  search  and  rescue  applications.  The  Global  Rescue  Alarm  Net  (GRAN)  envisaged  that  mariners  and 
airmen  could  carry  a  small  transponder  which  would  telemeter  the  Omega  format  through  a  satellite  to 
ground  so  that  the  position  of  the  unit  needing  rescue  could  he  determined.  The  system  was  described  by 
Crawford  and  Rupp  (197?)  and  showed  great,  technical  promise,  however,  it  is  not  now  being  pursued  There 
is,  however,  a  continuing  interest  in  potential  position  reporting  schemes  particularly  those  offering  the 
accuracy  possible  through  the  use  of  Differential  Omega  techniques  (Scull,  1981).  In  the  opinion  of  this 
author  Omega  is  a  strong  contender  for  many  such  applications  because;  1)  the  signals  are  pervasive  and 
not  easily  blocked  or  disturbed  by  foilaqe  or  buildings  and  ?)  the  required  information  is  very  narrow 
hand .  The  latter  characteristic  is  valuable  because  it  leads  to  simple  low  cost  methods  of  providing 
narrow  band  reporting  telemetry.  Choice  of  a  wide  bandwidth  positioning  system  will  either  lead  to 
requirements  for  wide  telemetry  bandwidth  or  substantial  and  expensive  processing  by  the  sensor. 

Omega  is  also  used  for  land  navigation  in  the  arctic  where  reliable  alternative  methods  are  not 
available  (Eyre,  1981). 

In  addition  to  the  spatial  correlation  features  exploited  by  Rendezvous  and  Differential  Omega, 
exploitation  is  made  of  the  dispersive  correlation  wherein  fluctuations  on  one  frequency  are  closely 
related  to  those  on  a  second  over  the  same  propagation  path.  Dispersive  correlation  significantly  reduces 
the  errors  expected  using  beat  ireguency  navigation  or  tanr  resolution.  A  special  application  called 
"Composite  Omega"  has  been  suggested  by  J.  A.  Pierce  to  take  optimum  advantage  of  dispersivp  correlation 
(Swanson,  1965;  Pierce,  1968;  Swanson,  1969;  Papousek  and  Rcdcr,  1973;  Pierce,  1974;  Brown  and  Van  Allen, 
1976). 

Auto-correlation  of  propagation  variations  is  also  significant  being  8  to  10  hours  for  normal 
propagation  conditions  at  night.  However,  diurnal  prediction  errors  correlate  over  shorter  periods  and 
may  become  the  dominant  consideration  in  practical  applications.  Measurements  by  Wright  (1969)  indicate  a 
potential  lor  determining  velocity  to  1/3  kt  when  the  propagation  paths  are  either  all  dark  or  ail  sunlit. 


There  are  close  theoretical  and  practical  relationships  between  navigation  and  timing  (Swanson, 
1981a).  Omega  can  be  used  for  timing  as  it  is  controlled  to  international  time  and  can  disseminate  both 
frequency  and  epoch  (Swanson  and  Kugel,  1972).  The  unique  frequencies  are  particularly  convenient  sources 
of  standard  frequency  as  they  may  be  easily  received  and  used  without  decommutation.  Epoch  dissemination 
is  employed  within  the  system  for  synchronization  and  also  for  use  as  an  input  to  some  national  time 
standards  (Gupta,  1981).  Application  also  exists  for  the  timing  of  seismographic  arrays  (Schneider  et 
al.,  1981).  A  little  used  capability  also  exists  for  timing  using  lead  edge  or  envelope  techniques 
TSwanson  and  Adrian,  1973).  Accuracies  of  a  few  microseconds  are  possible  using  carrier  phase 
measurements . 

2.  VLF  NAVIGATION 

Although  this  paper  explicitly  covers  Omega,  some  mention  should  be  made  of  other  VLF  navigational 
techniques.  The  long  range,  excellent  coverage  and  reliable  reception  of  Omega  are  largely 
characteristics  deriving  from  the  frequency  band  and  are  not  necessarily  restricted  to  the  particular 
navigational  implementation  we  know  <>:.  Omega  (litchford,  1971;  Swanson  and  Robie,  1973). 

Many  VLF  conmunications  stations  throughout  the  world  are  stabilized  to  standard  frequency.  In  the 
past,  transmissions  have  been  continuous  wave  with  on-off  keying.  Recently,  many  U  S.  Naval  transmitters 
were  converted  to  minimum  shift  keying.  For  navigational  purposes  the  change  constitutes  a  complication 
but  not  an  insurmountable  difficulty.  With  simple  carrier  transmissions  from  three  or  more  stations,  the 
various  signals  can  be  received;  then  shifted  in  frequency  to  some  common  frequency  and  then  paired  and 
phase  differenced  (Palmer,  1972).  Alternatively,  they  can  be  used  in  a  range-range  mode  against  a 
precision  oscillator.  Such  systems  must  be  initialized.  They  cannot  refine  an  approximate  location  as 
can  Omega.  In  operation  a  navigation  system  using  such  signals  is  somewhat  like  an  inertial  system  in 
that  it  is  exactly  correct  at  the  time  and  place  of  initialization  and  then  deteriorates  with  separation 
and  elapsed  time.  However,  the  "error  drift"  is  not  unlimited  as  is  true  with  inertial  equipment.  The 
error  budget  for  such  equipment  has  been  discussed  by  Swanson  and  Dick  (1975).  A  substantial  number  of 
receivers  employing  this  principle  have  been  manufactured.  Flight  results  from  one  particular  equipment 
have  been  described  by  Tymczyszyn  (1975).  A  recent  discussion  of  performance  of  an  Omega/"LF  receiver  has 
teen  given  by  Sakran  (1981). 

Beukers  (1973)  described  a  VLF  navigation  system  maintai by  the  USSR.  The  frequencies  were 
11.905,  12.649  and  14,881  kHz  with  stations  located  in  the  e.  iest,  and  center  of  the  Soviet  Union. 
Radiated  power  appeared  high:  50  to  100  kW. 

A  major  difference  between  Omega  and  the  alternatives  is  that  the  Omega  system  is  administered  by 
international  agreement  and  has  standards  of  frequency  and  phase  control  and  reliability.  Other 
differences  stem  from  the  inherent  navigational  ambiguities  present  when  comparing  signals  of  different 
irequencies  which  must  be  resolved  by  initialization.  However,  an  important  difference  occurs  when  using 
communications  transmissions  since  they  generally  fall  into  the  frequency  band  near  or  above  20  kHz.  This 
circumstance  favors  the  higher  propagational  modes  and  renders  the  signal  structure  more  complex  than  with 
Omega. 

3.  PROPAGATION 

The  propagation  characteristic*  which  permit  use  of  VLF  at  great  range  also  introduce  limitations 
on  Omega.  To  a  greater  extent  than  at  higher  frequencies,  the  use  of  VLF  assumes  a  reliance  on  nature  to 
provide  repeatable  propagation.  Repeatable  propagation  usually  occurs  but  with  some  unwanted  temporal  and 
spatial  complexity.  Also,  on  occasion,  irregular  variations  occur. 

One  convenient  analytical  model  for  VLF  radio  propagation  is  that  of  a  concentric  spherical 
wa"eguide  formed  between  the  earth  and  the  ionjsphere.  If  only  one  propagation  mode  is  supported  by  the 
waveguide,  then  there  will  be  a  simple  relationship  between  phase  and  d'stance  at  long  distances  from  a 
transmitter.  Phase  at  any  given  point  will  be  related  to  distance  to  Ihu  transmitter,  ground  conditions 
especially  uround  conductivity,  and  characteristics  of  the  lower  D-renion  of  the  ionosphere  which  forms 
the  upper  boundary  of  waveguide.  As  the  ionosphere  is  a  magneto -plasma,  propagation  is  anisotropic  so 
that  phase  is  not  only  a  function  of  distance  from  a  transmitter  but  also  dependent  on  geophysical  path 
details. 

The  ionosphere  undergoes  regular  predictable  seasonal  and  diurnal  changes  as  a  function  of  the 
solar  illumination.  One  practical  problem  is  the  prediction  and  removal  of  this  unwanted  temporal 
variation. 

A  limitation  is  the  occasional  unpredictable  variation  causrd..tw  unnredictable  variations  in  the 
geophysic,.i  environment.  The  two  most  important  anomalous  variations  are  Sudden  PLUS'1  Anomalies  (SPA's) 
caused  by  Sudden  Ionospheric  Disturbances  (SID's)  and  Polar  Cap  Absorptions  (PCA's).  These  effects  are 
related  to  solar  flares,  SPA's  are  caused  hy  the  X-ray  flux  impinging  on  the  sunlit  ionosphere  thus 
anomalously  reducing  the  width  of  the  waveguide.  PCA's  result  from  flares  which  also  emit  protons.  The 
charged  particles  are  guided  by  the  earth's  magnetic  field  to  the  polar  regions  where  they  cause  an 
anomalous  reduction  in  the  width  of  the  waveguide. 

3.1  General  Characteristics 

The  concept  of  a  spherical  waveguide  leads  immediately  to  several  valid  conclusions.  For  >  ample, 
energy  will  propagate  around  the  world  in  all  directions  and  may  reinforce  at  the  antipodal  point  from  the 
transmitter.  This  phenomena  has  been  observed  and  illustrates  the  extreme  range  obtained  at  VLF.  Also, 
since  the  lower  ionosphere  or  "D-region"  is  controlling  at  VLF,  one  would  expect  a  severe  attenuation  when 
the  wavelength  becomes  comparable  with  the  heiylit  of  the  guide  at  about  70  to  90  Km,  i.e.,  a  frequency  of 
about  4  kHz.  A  severe  inrrease  in  attenuation  is  observed  as  expected.  Another  generality,  very 
impoit  it  to  navigation  systems,  is  that  if  one  mode  should  be  dominant,  then  phase  and  amplitude  should 
vary  gularly  as  a  function  of  distance  from  the  transmitter  without  fluctuations  due  tn  interference 
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between  various  modes.  Note  that  the  regularity  is  occurring  at  large  distances.  This  is  just  the 
opposite  from  the  usual  experience  with,  say,  Loran  A,  where  the  groundwave  propagation  at  short  distances 
is  regular  and  multihop  skywave  can  cause  irregularities  at  longer  distances. 

VLF  propagation  has  been  studied  for  many  years.  This  is  due  not  only  to  its  practical  use  as  the 
mainstay  of  fleet  communications  for  a  half  century  but  also  because  of  the  extreme  repeatability  of 
measurements.  Although  diurnal  variations  occur,  measurements  over  paths  from  5,000  Km  to  10,000  Km  long 
typically  show  repeatability  of  about  1  dB  in  field  strength  while  phase  variations  are  measured  in 
microseconds.  Although  detailed  prediction  of  VLF  fields  is  difficult,  some  notable  success  hi  as  been 
achieved  (see  figure  6  and  Morfitt,  et  aK,  1981). 

The  most  accurate  theoretical  work  is  now  being  done  using  digital  computers  to  solve  the  waveguide 
problem.  However,  expressions  developed  by  0.  R.  Wait  and  others  provide  some  insight  as  has  been 
reviewed  by  Swa  n  (1976). 

3.1.2  Experimental  Observations 

The  most  important  changes  are  the  diurnal  variations  of  phase  and  amplitude.  They  are  typically 
associated  with  ionospheric  change  related  to  variation  of  the  solar  zenith  angle  over  the  propagation 
path  being  studied.  Two  typical  examples  of  diurnal  variation  of  amplitude  are  shown  in  figures  7  and  8. 
Note  that  the  field  strength  tends  to  be  constant  at  night  and  decreases  following  the  transit  of  the 
sunrise  line  over  the  propagation  path  to  a  lower  value  just  after  the  entire  path  becomes  sunlight  and 
finally  reaches  a  nominal  value  during  the  day.  The  decrease  just  after  sunrise  is  very  common  for 
frequencies  near  10  kHz  and  is  typically  about  4  dB  and  lasts  for  about  an  hour.  Although  the  details  of 
this  particular  sunrise  decrease  are  not  well  understood,  they  presumably  are  related  to  both  the  dynamics 
of  ionospheric  disassoc i ation  and  recombination  rates  leading  to  daytime  equilibrium  and  another  phenomena 
especially  important  in  the  20-30  kHz  frequency  range,  viz:  mode  conversion  caused  by  the  sunrise  line. 
Typical  diurnal  variation  of  phase  over  a  long  west  to  east  path  at  10.2  kHz  is  shown  in  figure  9.  A 
constant  or  "flat"  night  is  observed  shifting  into  a  slow  variation  or  "curvature"  during  the  day.  At 
higher  frequencies  within  the  VLF  range  phase  tends  to  be  somewhat  less  stable  during  the  night  but  more 
stable  in  mid-day.  Figure  10  shows  that  the  diurnal  variation  con  be  considerably  more  complex  than  is 
usually  observed  at  10.2  kHz.  The  "steps"  during  transitions  are  probably  due  to  modal  conversion  at  the 
terminator,  A  theory  for  the  step  phenomena  has  been  proposed  by  Crombie  (1964  &  1966)  and  has  had  some 
success  over  long  paths  (Lynn,  1971  &  1973).  However,  if  the  results  shown  are  close  to  those  for  a 
similar  path  treated  by  Pappert  and  Morfitt  (1975),  then  a  more  complicated  modal  conversion  model  is 
necessary  for  this  particular  path. 

As  previously  mentioned  and  shown  in  Figures  7  and  8,  field  strength  is  typically  repeatable  to  a 
standard  deviation  of  about  1  dB  from  day  to  day  at  10.2  kHz.  Repeatability  of  phase  is,  however,  one  of 
the  most  useful  properties  of  VLF.  Phase  variations  occur  due  to  ordinary  random  variations  in  the 
ionosphere  or,  usually  to  a  much  lesser  extent,  to  variations  in  ground  conductivity.  Occasional  larger 
variations  occur.  Already  mentioned  were  sudden  phase  anomalies  (SPA's)  and  polar  cap  absorptions 
(PCA's).  Typical  stabilities  appropriate  for  single  propagation  paths  of  various  lengths  from  about  4  Mm 
to  10  Mm  are  given  in  Table  IV. 


Taulf  IV 

STANDARD  DEVIATIONS  OF  VLF  SIGNALS 
(microseconds) 


FREQUENCY 

PERIOD  10.2  kHz  13.6  kHz 


DAY  3  2 

NIGHT  5  4 


TRANSITION  4  4 


The  occasional  SID  or  PCA  can  cause  radical  phase  variation  from  nominal.  Larsei,  (1976)  presented 
the  morphology  and  a  data  base  for  determining  the  effects  nf  SID's  and  PCA's.  The  data  cited  by  Larsen 
is  valid  for  determining  SID  activity  over  long  sunlit  paths  and  PCA  activity  over  long  transpolar  and 
transauroral  paths  near  maximum  solar  activity.  The  effects  have  been  speculatively  extrapolated  by 
Swanson  (1974)  to  more  typical  conditions  (Fig.  11).  The  renorma , .zation  of  the  function  representing 
SIDs  includes  extrapolation  to  typical  conditions  rather  than  near-noon,  24-hour  operation  and  allowance 
for  nominal  hyprholic  cancellation  of  phase  advances.  PCA  renormalization  is  similar  except  that 
reduction  over  the  24-hour  day  is  not  applicable.  PCA  renormalization  to  nominal  solar  activity  is 
speculative  since  there  is  an  insufficient  data  base  near  solar  minimum.  Figure  11  shows  that  about  2 
percent  of  the  time  the  nominal  scatter  expected  from  a  normal  statistical  distribution  will  be  exceeded 
due  to  the  effect  of  SIDs  and  PCAs.  The  difference  is  especially  important  when  assessing  the  probability 
of  some  unusual  event  such  as  a  navigational  error  greater  than  6  miles.  (Swanson,  1979).  There  is 
virtually  no  probability  of  in  error  greater  than  5  miles  from  the  normal  distribution  (an  excursion  of 
over  10  standard  deviations).  However,  figure  24  shows  that  the  probability  of  an  error  that  large,  or 
greater,  due  to  an  SID  is  0.02  percent,  and  from  a  PCA,  0.2  percent.  That  is,  a  PCA  could  induce  an  error 
of  that  magnitude  on  one  out  of  500  occasions.  At  present  the  intrinsic  associal ion  of  large  navigational 
errors  with  geophysical  events  is  mitigaled  by  the  occurrence  of  occasional  largo  errors  due  to  prediction 
problems  or  the  occurrence  of  ponr  geometry  as  can  be  Seen  in  figure  4. 
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In  all  discussions  of  the  repeatability  of  phase  measurements  it  is  very  important  to  draw  the 
distinction  made  earlier  between  day  to  day  statistical  scatter,  or  "noise",  and  electromagnetic  noise. 
Repeatability  is  limited  by  the  stability  of  the  transfer  or  "mapping"  function  affecting  the  signal  after 
it  leaves  the  transmitting  antenna  and  until  it  is  received  at  the  receiver  (Swanson,  1970).  This  type  of 
repeatability  is  effected  by  random  variations  in  the  ionosphere  or  ground  and  will  not  improve  by 
increasing  the  electromagnetic  signal-to-noise  ratio.  Normally,  the  signal-to-noise  ratio  does  not 
significantly  affect  repeatability  except  over  exceptionally  long  paths  and/or  with  unusually  high  local 
noise. 


Natural  noise  at  VLF  is  primarily  due  to  electromagnetic  signals  radiated  from  thunderstorm 
lightning.  The  total  thunderstorm  noise  can  be  computed  or,  a  global  basis  from  all  "storm  centers' 
(Maxwell  and  Stone,  19G5).  In  addition,  the  noise  is  highly  impulsive  (Swanson  and  Adrian,  1973).  While 
the  ambient  noise  is  usually  high,  arctic  areas  are  typicaly  quiet  and  reception  of  weak  signals  is 
common.  These  characteristics,  as  well  as  the  wide  variation  in  signal  strength  which  may  occur  depending 

on  propagation  path,  combine  to  give  stringent  specifications  for  VLF  receivers. 

A  second  area  of  low  signal  streng^i  but  adequate  signal-to-noise  ratio  is  underwater  reception. 
VLF  signals  are  unique  in  their  auility  to  penetrate  sea  water  to  useful  depths.  At  10  kHz  the 
attenuation  rate  is  about  3  dB/meter  which  indicates  reception  at  50  feet  8  Mm  removed  from  a  10  Kw 
stations. 

Propagation  blackouts,  of  the  type  sometimes  experienced  at  higher  frequencies,  are  rare  to  the 
point  of  being  virtually  unknown  at  VLF. 

3,2  Approaches  to  VLF  Propagation  Prediction 

Various  approaches  to  VLF  propagation  prediction  have  been  surveyed  by  Swanson  (1976).  The  two 
most  important  in  terms  of  their  application  to  Omoga  are  full  wave  waveguide  theory  using  a  digital 
computer  and  parametric  modeling.  With  Omega,  full  wave  computations  provide  a  suggestion  as  to  how 
parametric  variatons  may  occur  and  suggest  methods  for  parameterizing.  In  addition,  the  major  burden  of 

determining  Omega  coverage  has  relied  on  full  wave  computation.  Phase  prediction  relies  on  a  parametric 

mode  1 . 


3.2.1  Full  Wave  Waveguide 

In  a  simple  form,  the  full  wave  waveguide  approach  considers  a  spatially  homogeneous 
earth-ionosphere  waveguide  wherein  the  lower  boundary  is  specified  by  a  specific  ground  conductivity  and 
the  upper  boundary  by  an  arbitrary  electron  density  profile.  Correct  differential  equations  for 
propagation  are  specified  and  the  solution  is  worked  out  through  appropriate  algorithms  within  a  large 
digital  computer.  The  approach  difTers  frum  the  traditional  in  which  problems  in  mathematical  physics  are 
solved  toward  as  nearly  a  closed  form  of  solution  as  possible,  and  then  computations,  if  any,  are  used 
simply  to  evaluate  the  solution.  Many  workers  have  used  Tull  wave  solutions  in  conjunction  with  wave 
guide  notions.  Pappert,  Gossard,  and  Rothmuller  (1967),  following  Budden's  formulation,  were  first  to 
report  the  results  of  a  program  which  fully  allowed  for  earth  curvature,  ionospheric  inhomugenei  l.y ,  and 
anisotropy.  Subsequent  contributions  on  different  aspects  have  boon  published  by  various  investigators 
and  a  more  general  book  was  written  by  Galejs  (1972). 

Variable  propagation  conditions  along  the  path  have  been  handled  by  Bickel  using  the  WKB  technique, 
which  is  valid  provided  the  propagation  parameter  variation  is  slow.  An  application  of  full  wave  theory 
using  an  assumed  electron  density  profile  and  the  WKB  approximation  Is  shown  in  figure  6  together  with 
data  later  observed  during  flight  measurements  (Bickel  et  al_.,  1970).  The  agreement  is  excellent, 
although  the  calculations  do  not  include  allowance  for  ionospheric  roughness.  Gossard  and  Paulson  (1970) 
have  shown  typical  ionospheric  fluctuations  at  night.  Ionospheric  roughness  is  likely  to  cause  increased 
relative  attenuation  of  higher  order  modes.  Recently  theory  has  been  extended  to  include  mode  conversion 
(Pappert  and  Morfitt,  1975;  Pappert  and  Snvder,  1972;  Snyder,  1981;  Morfitt  et  al_.,  1981). 

A  problem  with  full  wave  modeling  is  the  need  for  realistic  ionospheric  and  ground  parameters, 
particularly  the  ionospheric  height,  electron  density  grad'jnt,  and  ground  conductivity.  Extensive 
efforts  to  dnduc  electron  density  profiles  have  been  conducted  for  many  years.  Most  methods  of  deducing 
electron  density  pro. lies  do  not  work  well  in  the  ionospheric  P-region.  The  best  data  appear  to  be  the 
result  of  VLF  sounding.  Voritcal  sounding  was  first  conducted  at  VLF  by  NELC  at  Sentinel,  Arizona  in  1961 
(Paulson  £t  al . ,  1962).  Subsequently,  more  extensive  installations  were  built  by  Hildebrand  at  Thule, 
Hawaii,  and  in  the  Mojave  Desert,  Shellman  (1970),  using  the  full  wave  solution  as  a  subroutine,  has 
developed  and  re  Tuned  electron  density  profile  determination  from  sounding  data  to  obtain  confidence 
limits  on  the  results.  Profiles  have  also  been  deduced  manually  by  comparing  full  wave  predictions  based 
on  various  assumed  profiles  with  observed  flight  data  as  shown,  for  example,  in  a  MEECN  report  (1976). 

3.2.2  Parametric 

Parametric  approaches  do  not  intrinsically  seek  to  relate  observed  radio  quantities  such  as  phase 
or  amplitude  to  inherent  geophysical  parameters  such  as  electron  density  profiles.  Instead,  relevant 
propagation  parameters  such  as  attenuation,  velocity,  and  excitation  are  assumed  to  be  specified  in  terms 
of  readily  defined  path  characteristics  such  as  orientation,  latitude,  ground  conductivity,  diurnal 
period,  etc. 

Parametric  approaches  have  considerable  economic  advantages.  Also,  since  the  hulk  of  such  programs 
is  ordinarily  devoted  to  bookkeeping  and  summing  of  the  various  functions  as  applied  to  path  segments,  the 
programs  are  inherently  compatible  with  the  full  wave  solution.  The  full  wave  solution  provides  guidance 
on  the  separability  of  the  variables  and  suggests  appropriate  functional  fnrms  fnr  the  variations;  the 
parametric  program  incorporates  these  and  performs  calculations  over  long  paths.  Parametric  approaches 
work  best  when  the  range  of  variables  which  must  he  considered  is  least  and  when  the  effects  of 
geophysical  variations  on  the  propagation  parameters  can  !«■  separated.  Although  some  sophistication  ran 
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be  economically  incorporated  into  parametric  programs  to  account  for  variations  which  are  not  readily 
separated,  close  coupling  of  propagation  parameters  is  likely  to  necessitate  use  of  a  full  wave  solution. 

In  addition  to  economic  advantages,  parametric  approaches  offer  a  precision  and  sensitivity  not 
readily  obtained  with  a  full  wave  program.  To  vary  the  result  of  a  full  wave  program,  the  geophysical 
input  must  be  changed  -  most  likely  the  assumed  electron  density  profile.  Such  changes  of  input  may  cause 
significant  variations  in  phase  and/  r  amplitude  not  only  at  the  frequency  of  interest  but  at  other 
frequencies  as  well.  With  a  parametric  approach,  simpler  methods  of  deducing  the  parameters  are  available 
(Swanson,  1971). 

The  parametric  program  of  special  importance  to  Omega  because  of  widespread  application  is  the 
Omega  phase  prediction  program  which  f.rst  became  operational  in  its  present  format  in  March  1964.  The 
program  is  restricted  to  phase  prediction  at  specified  Omega  frequencies,  but  predicts  phase  24  hours  per 
day  at  all  seasons.  Variations  were  initially  incorporated  with  orientation,  ground  conductivity, 
latitude,  sunspot  number,  and  dirunal  period.  The  program  has  been  modified  and  refined  since  its 
inception. 

A  paper  presenting  the  theoretical  formulation  used  for  Omega  phase  prediction  has  been  written  by 
Swanson  (1971).  This  work  was  expanded  by  Swanson  and  Brown  (1972)  into  a  document  including  not  only  the 
background  and  theoretical  formulation  of  Omega  phase  prediction  but  also  listing  the  FORTRAN  program  used 
in  the  production  of  Omega  propagation  prediction  (or  skywave  correction)  tables  used  with  Omega.  More 
recent  program  documentation  has  been  written  by  Morris  and  Cha  (1974).  Special  constants  for  use  with 
the  program  were  developed  by  Tolstoy  (1976)  and  used  on  an  interim  basis  in  the  preparation  of  Predicted 
Propagation  Correction  (PPC)  tables  for  the  European  area.  Recently  a  new  revision  of  global  prediction 
constants  has  been  published  by  Morris  and  Swanson  (1980)  while  an  alternative  parameterization  of  the  dip 
and  bearing  relationships  has  been  studied  by  Gupta  and  Morris  (1981). 

3.2.3  Statistical 

An  additional  prediction  method  of  limited  use  with  Omega  is  the  statistical  approach.  A  special 
application  is  the  Force-fit  model  for  use  with  Omega  data.  This  model  has  been  extensively  developed  by 
Kasper  (1970)  after  initial  feasibility  studies  at  the  Naval  Electronics  Laboratory  Center  (NELC).  The 
model  is  especially  interesting  in  that  it  operates  in  conjunction  with  the  Omega  Predicted  Propagation 
Correction  (PPC)  model.  The  parametric  skywave  correction  model  is  first  applied  to  account  for 
recognized  spatial  or  diurnal  variations,  and  then  an  error  field  is  developed  for  actual  observations. 
Spatial  correlation  is  then  evaluated  and  smoothing  conducted  to  whatever  extent  may  be  statistically 
justified.  An  alternative  algorithm  has  been  recently  suggested  (Gupta  et  al_. ,  1981). 

3.3  Application  of  Predictions 

Prediction  of  signal  amplitude  or  signal-to-noise  ratio  is  of  very  little  interest.  Such 
predictions  are  sometimes  made  as  an  adjunct  to  VLF  research  which  will  in  turn  be  applied  to  solve  other 
problems.  The  day-to-day  variation  of  electromagnetic  noise  is  such  that  a  receiver  can  inherently 
determine  signal  availability  at  any  given  time  on  any  given  day  much  better  than  any  general  prediction 
scheme.  One  use  of  amplitude  prediction  is  in  the  preparation  of  coverage  maps  (Gupta  et  al_. ,  1980), 
They  may  also  be  used  in  choosing  which  lino-.-of -position  to  place  on  navigational  charts  and  which 
ancillary  tables  are  to  be  provided  in  given  areas.  These  latter  products  are  only  needed  with  manual 
receivers  which,  as  noted,  are  now  becoming  technologically  obsolescent. 

Prediction  of  geophysical  events  such  as  SID's  and  PCA's  is  useful  only  if  it  is  reasonably 
accurate,  addresses  events  of  sufficient,  magnitude  to  be  of  practical  interest,  and  can  be  disseminated  io 
the  navigator  in  a  timely  fashion.  The  dissemination  problem  precludes  much  application  for  some  high 
seas  users.  However,  a  monitor  has  been  developed  to  detect  and  warn  of  SID's  and  PCA's  in  an  air  traffic 
environment  (Swanson  and  Levine,  1978). 

The  coverage  prediction  problem  with  Omega  is  severe  and  is  primarily  the  determination  of  reg’ons 
of  signal  self-interference,  that  is,  areas  where  the  phase  does  not  vary  regularly  with  distance  due  to 
significant  contamination  with  higher  order  modes  or  by  presence  of  the  long  path  signal  propagated  from 
the  transmitter  the  long  way  around  the  world.  The  critical  problem  is  not  determining  signal  presence, 
receivers  can  measure  that  quite  easily;  rather,  the  problem  is  the  assurance  of  adequate  signal  quality. 
The  need  is  for  determining  areas  where  strung  signals  may  be  received  but  where  the  phase  information 
cannot  be  reliably  related  to  position.  These  signals  must  be  "deselected",  i.e.,  excluded,  from  the 
navigational  solution.  The  U.S.  Coast  Guard  Omega  Navigation  System  Operations  Detail  has  developed 
elaborate  coverage  maps  which  are  continually  being  refined  (Gupta  et  aK,  1980;  Vence,  1981).  Simplified 
guidance  is  provided  to  the  U.S.  Navy  by  bulletins  published  by  the  Naval  Electronic  Systems  Engineering 
Center,  Vallejo  (NAVSYSENGRCTR,  1981).  Work  to  date  has  relied  heavily  on  full  wave  analysis.  An  effort 
is  also  underway  by  this  author  to  develop  co/erage  guidance  parametrically.  Coverage  guidance  is 
implemented  either  by  furnishing  the  user  with  published  coverage  diagrams  or  other  procedural  guidance 
for  signal  usage,  as  an  overlay  to  published  Predicted  Propagation  Corrections  (PPC's)  for  manual  use,  or 
by  incorporating  coverage  information  within  the  receiver  or  a  combination  of  methods.  With  a  manual 
receiver,  the  user  must  determine  his  signal  usage  based  on  the  information  available  to  him.  With  an 
automatic  receiver,  relatively  elaborate  coverage  guidance  can  be  incorporated  within  the  software.  One 
receiver  uses  coverage  overlays  developed  from  the  full  wave  modeling.  Most  receivers  incorporate  some 
type  of  range  limitations  although  range  is  a  poor  indication  of  Omega  signal  quality.  Some  also  employ 
bearing  restrictions  on  certain  stations  so  that  sectors  of  known  modal  interference  will  not  be  used. 
Additionally,  automatic  receivers  employ  elaborate  combinational  filtering  which  can  help  protect  against 
adverse  effect  of  modal  interference  provided  there  is  sufficient  signal  redundancy.  A  potential  problem 
with  present  coverage  guidance  is  that  it  relies  on  full  wave  modeling  as  conducted  using  path  averaging 
(WKB)  techniques  rather  than  mode  conversion.  Taguchi  (1980)  has  pub  1 i shed  data  showing  cycle  slippage  in 
areas  where  it  is  not  expected.  A  sample  coverage  diagram  foi  10.2  kHz  at  1800  GMT  in  August  is  shown  in 
figure  1?  (from  Gupta  et  al . ,  1980), 
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Phase  predictions  are  published  by  the  Li.S.  Defense  Mapping  Agency  as  computed  on  a  large  computer 
using  the  model  developed  by  this  author.  Automatic  receivers  typically  include  some  propagation 
prediction  model  although  a  few  exploit  relations  between  frequencies  to  minimize  the  need  for  elaborate 
propagation  prediction.  Implementations  of  propagation  predictions  witbin  navigational  computers  range 
from  extremely  good  approximations  of  the  full  model  (which  are  for  all  intents  and  purposes  identical)  to 
considerable  simplifications  as  described,  for  example,  by  Levine  (1980).  Implementation  within  .1  small 
computer  becomes  a  significant  consideration  in  any  proposed  improvements  in  propagation  prediction.  A 
perspective  can  be  gained  by  considering  the  effect  of  an  eclipse  on  VLF  as  has  been  observed  by  various 
workers  and  subsequently  predicted  by  Noonkester  and  Sailors  (1971).  Although  eclipses  are  one  of  the 
most  predictable  phenomena,  no  attempt  is  made  to  incorporate  such  knowledge  into  practical  predictions. 

Additional  study  of  the  relationships  between  the  various  frequencies  could  be  of  value.  Automatic 
receivers  can  easily  determine  relative  discrepancies  between  the  phases  received  at  various  frequencies. 
If  these  can  be  modeled  to  suggest  improvements  in  signal  processing,  receivers  could  adaptively  modify 
their  processing  according  to  the  deduced  conditions. 

4.  CONCLUSIONS 

A  general  review  of  the  Omega  system  has  been  presented  including  a  brief  discussion  of  the  major 
propagati onal  characteristics.  Navigation  now  constitutes  perhaps  the  greatest  use  of  the  Very  Low 
Frequency  band.  Omega  also  provides  some  of  the  best  controlled  and  standardized  signals  in  the  world  for 
researcli  or  other  applications. 
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figure  1.  Onega  Station  Locations. 
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figure  ?.  Simplified  10.2  kHz  Transmission  format. 
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figure  .T.  Omega  Signal  format. 
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SUMMARY 


The  tignnls  from  the  Omega  transmit tors  located  in  Norwuy  (A),  Liberia  (B)  and  Nbrtli  Dakota  (D)  have  boon 
monit  red  at  throe  receiving  sites  within  the  U.K.  Linen  of  position,  (LCDs),  have  boon  derived  from 
the  rotative  phases  of  the  received  signals  and  Lhu  intersection  of  the  LCDs  yields  the  receiver  location. 
The  receiver  positions  derived  in.  this  way  have  boen  compared  with  the  known  true  position  of  the 
receivers  and  the  error  determined.  This  procedure  has  been  undertaken  at  hourly  intervals  for  all  the 
data  collected  during  the  period  January  19?8  to  December  19V9- 

Marked  diurnal  and  suusonul  changes  in  position  errors  are  obtained  fox1  all  throe  receivers .  At  Uic  most 
northerly  receiving  site,  the  magnitudes  of  Lho  errors  are  different  from  those  observed  at  the  other  two 
locutions.  This  is  accounted  for  in  tonus  of  the  differences  in  propagation,  conditions  along  the  various 
puths  involved. 

Error  corrections  derived  from  tlio  ONUOD  Qnogu  iirodiction  muthod  have  boon  applied  uud  the  resulting 
.improvement  in  accuracy  is  discussed.  A  somewhat  different  correction  method,  in  which  the  Omega  dutu 
are  combined  with  a  position  determination  from  u  outcllito  navigation  system,  is  also  considered. 

1 .  INTRODUCTION 

An  important  characteristic  of  very  Low  frequency  (VhE)  rudio  signals  propagating  to  grout  distances  is 
thuir  inherent  phase  stability.  In  the  Omega  navigation  system  the  pliuse  of  the  signals  received  from 
two  rqiuccd  VLI1’  transmitters  are  combined  to  produce  a  hyperbolic  type  of  interference  pattern.  These 
interference  fringes  when  projected  on  to  tlio  earth’s  surface  define  a  set  of  linos  of  position  (LOPs). 
Position  is  determined  by  the  intersection  of  two  LUPb  which  are  obtained  from  two  or  more  pairs  of  the 
Omogu  tram  nni 1 1 1 m ■ •  s  • 

Measurements  of  LOlVi  at  tliree  sitou  within  the  U.K.  exhibit  marked  diurnal  and  seasonal,  variations  as  u 
result  of  changes  in  the  lower  ionosphere,  moreover,  the  magnitude  of  the  variations  differs  between  the 
three  sites  considered  (Jones  &  Mowforth,  1980).  An  estimate  of  tlio  ionospheric  errors  in  the  IiOPs  can 
be  obtuined  by  prediction  methods  such  as  that  developed  by  the  Omega  Navigation  Lyotemu  Operations  Dotal L 
(ONuOD).  However,  these  predictions  uro  for  average  conditions  over  u  Vj  duy  intervul,  consequently 
appreciable  differences  between  measured  and  predicted  errors  can  arise  on  any  given  duy. 

in  lli-Ls  Investigation  tlio  liOl’u  uro  combined  to  produce  u  ground  position  'fix’.  This  lias  boen  compared 
w:?  Ih  the  known  Locution  of  the  receiver  to  determine  the  mdiul  position  errors.  The  influence  of  the 
iouonphuro  on  tlio  position  error  is  discussed  and  the  improvements  obtained  by  applying  tlio  ONJOD 
corrections  quantified. 

An  alternative  error  correction  procedure  can  bo  formulated  If  the  true  position  of  the  receiver  can  be 
determined  at  intervals  by  some  other  means  o.g.  a  navigation  uutnl 1  lie.  The  performance  of  such  u  hybrid 
system  is  simulated  and  related  to  the  time  period  between  updates. 

The  measurements  presented  indicate  Lhut  upproo iub to  differences  in  errors  can  occur  ut  a  given  time  at 
various  sites  within  the  U.K.  when  position  is  determined  by  means  of  the  sonic  statiou  pairs  at  each  site. 
The  I  fond  Lotions  of  the  error  prediction  programs  are  quantified  and  an  alternative  approach  using  sate  I  like 
derived  position  fixes  i.s  considered. 

D .  OMIfflA  AND  TIIK  DETERMINATION  01*  POSITION  l-iXM”. 

The  primary  Gme/71  navigation  signal  is  transmitted  ut  a  frequency  of  10. ?  kill*  (10  kW  power)  und  additional 
friMpumc  Les  of  '1  i.L  and  I'l-j  Id  lx,  are  also  provided.  Those  transmissions  are  synchroni*/,cd  (by  caesium 
standards),  unmoilu  I  a  ted ,  continuous  very  low  frequency  (VLK)  waves  which  in  order  to  prevent  signal  inl.ev- 
L'orenre  are  tune  sequenced  within  u  ten  second  poriud. 

Outside  the  near  field  zone  of  each  transmitter,  a  stable  signal  pattern  exists  which  is  repeated  in  a 
radial  di  roe  l  Lon  every  wavelength  (  ~  'jQ  km  at  10.  P  Id  I/.).  The  cumulative  pliant;  is  defined  as  the  total 
Intervening  phase  ho tween  a  transmitter  mid  observation  point  (core i  ;er) ,  and  is  therefore  approximately 
proportions  I  to  the  corresponding  grout-circle  distance.  Mho  dopondotiiM  of  grout-circle  distance  upon 
cumulative  phase  is  u  function  of  phase  velocity  (v  )  which  is  k ■  ■■  w-  It  vary  with  radio  frequency, 
ionospheric  «>mducti.vity  and  height,  ground  conductivity,  etc  (Morris  /  Milton,  [J'/h).  lienee  the 
assumption  of  any  single  value  of  v  will  nearly  always  yield  erroroou.s  results.  To  rri.ni.miKe  these  errors, 
a  nominal  value  has  boon  Selected  ffir  the  (Jmcga  system  which  is  a  1  ougi-  average  uf‘  (domiiianl.  mode)  phase 
velocity  over  all  paths  and  lime,  i.r. 

v  c 

11  o77F77!r 


The  system  is  usually  operated  in  a  hyperbolic:  mode,  that  is,  I  he  phne  d  if  fcroiieij  between  the  signals 
received  from  two  transmitters  is  do  term  i  nod .  The  locus  of  go<*jfrupi.  i  c  positions  which  give  rise  to  the 
same  phase  difference  with  respect  to  the  two  Iran: nni  Liens  is  a  closed  curve  (11)1  s)  on  l  he  earlh's  surface, 
(see  figure  'I ) .  A  navigator  can  Lhus  fix  his  position  at  the  Intersect  Lon  or  two  1.01's  obtained  from  a 
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minimum  of  throe  transmit  tore;.  The  distance  between  IiOPa  differing  by  2n  radians  in  phase  in  termed  a 
1  f:\ao 1  15  km  for  10.2  kHz  signals).  In  general  lanes  become  wider  for  points  off  the  baseline  joining 

two  transmitters. 

J locating  the  intersection  of  two  LOPs  on  the  surface  of  the  earth  is  generally  intractable  to  al!l  navigators 
except  Lhono  equipped  with  computers.  To  resolve  this  difficulty  charts  have  been  constructed  based  on 
the  nominal  value  of  phase  velocity. 

3.  MONITOR  TNG  PROGRAM 

A  moni Luring  program  undertaken  in  conjunction  with  the  U.K.  Admiralty  Compass  Observatory  (AGO)  has  been 
reported  on  by  Jones  and  Mowforth  (lj8o).  Ibis  paper  is  concerned  with  the  ground  position  data  recorded 
during  this  study  at  the  following  three  U.K.  locations: 

Leicester  (52°  37'  19"N  ,  1°  V  22"W) 

V’arnborouuh  (51°  IV  17"N  ,  0°  '15 '  15"W) 

Butt  of  Iiowis  (58°  30'  5V'N  ,  6°  15'  37 "W) 

Ground  posit iouu  uro  calculated  from  three  Omega  I.OPs  as  follows: 

Norway  (transmitter  A)  -  Liberia  (transmitter  B)  =  LOP  AB 

Norway  -  North  Dakota  (transmitter  D)  -  LOP  AD 

Liberia  -  North  Dakota  -  LOP  BD 

The  lane  boundary  geometries  surrounding  each  receiver  location  are  presented  in  figure  2.  Both  10.2  kHz 
and  1 3*6  kHz  LOPo  arc  indicated,  the  latter  frcquoncy  producing  the  narrowin'  lanes  (see  also  'lhblc  1 ) .  It 
should  be  noted  that  LOP  A13  lies  in  a  north-wost  to  south-east  direction,  while  T.OP  AD  is  orientated 
almost  north-south. 

Position  fixes,  as  discussed  above,  may  be  calculated  from  the  intersection  of  a  minimum  of  two  LOPs .  A 
third  LOP  is  measured  to  provide  a  chock  und  since  the  resulting  error  triangle  is  always  loss  than  -l  km 
for  this  data,  the  positions  are  represented  by  a  "t"  at  the  trio  agio  centroid. 

*1.  KHKORG  IN  GROUND  POSITION  FIX  KG 

Mince  the  Looutiou  of  each  monitor  site  (static)  is  accurately  known  the  errors  in  position  fixes 
determined  from  Omega  can  be  readily  ascertained.  To  evaluate  tho  effectiveness  of  the  ONSOD  correlations, 
ground  position  fixes  and  their  associated  errors  have  been  calculated  from  both  the  raw  data  set  and 
from  data  to  which  the  appropriate  corrections  have  boon  applied.  Kxumpleu  of  those  results  are  reproduced 
in  figures  f>  to  7  which  are  based  on  tho  geometry  of  figure  2. 

4.1  The  position  of  the  Farnhorough  roooivar 

(i)  10.2  kHz  (figure  5)  ■  The  positions  of  tho  Farnborough.  receiver  determined  from  the  10.2  kHz 
signals  at  two  hourly  intervals  uro  illustrated  in  figure  3-  A'li  the  data  collected  in  the  period 
January  197^  to  June  1979  for  ouch  time  (GMT)  stated  are  included.  No  attempt  hay  boon  made  to  distinguish 
between  data  collected  ut  various  seasons  or  months.  Data  to  the  left  of  each  diagram  is  that  unoorrooted 
by  QNGOD  while  that  to  the  right  has  boon  corroctod.  Gcvorul  important  features  arc  appuront  from  these 
data,  and  arc  briefly  discussed  below. 

(a)  The  distribution  of  position  fixes  is  sproad  along  an  approximately  east-west  Lino,  along  the  great 
ciro.lc  path  from  tho  North  Dakota  transmitter  to  the  receiver.  This  in  a  result  of  the  Large  variability 
in  signal  phase  from  this  transmitter. 

(h)  Variability  in  tho  north-south  direction  is  related  to  tho  stability  of  tho  AB  L01J.  Only  at  dawn 
1)6:00  GMT)  and  to  a  lesser  extent,  dunk  (~  18:00  GMV)  is  the  scatter  in  this  direction  largo,  duo  to 
tho  rupid  phase  ohungou  in  LOP  AB  at  these  timer:. 

(c)  Uncorroctod  position  fixer,  drift  diurnal] y  towards  the  receivers'  true  locution  and  then  away  again. 
This  phonomonu  is  a  natural  consequence  of  tho  strong  diurnal  phase  change  patterns  present  in  all  Omega 
TiOPs  (especiuLly  AB) .  Further  reference  to  this  effect  is  made  in  section  5- 

(d)  ONGOI)  corrected  data  in  general,  shows  improvements  in  position  fix  uccuracy  over  the  uncorrected 
data,  but  tho  scatter  in  the  east-west  direction  is  riot  reduced.  At  limes  the  corrected  data  overshoots 
tho  receivers'  true  locution  (o.g.  00:00  GMT)  and  this  is  a  consequence  of  the  large  systematic  differences 
recorded  between  LOP  AB  and  the  prediction  curves  at  night  (Jones  &  Mow for  Ui ,  1 9^0 ) . 

(ii)  1i.6  kHz  (figure  ‘\)  Position  fixes  determined  from  tho  13«(»  kHz  Farnborough  data  are 
prose  tiled  in  figure  4.  In  general  similar  comments  to  those  above  apply  ut  this  frequency.  However,  the 
mean  position  of  fixes  la  different  at  the  higher  frequency  (refer  also  to  section  5).  in  addition,  the 
overaLl  scatter  of  position  fixes  appoarrj  to  be  loss  ut  13.6  kHz  (section  5). 

*1 .2  'Jhe  position  of  the  lioieester  receiver 

As  a  consequence  of  the  similarity  xn  JiOL’  data  between  Farnborough  and  Leicester  tho  ground  position  fix 
distributions  agree  closely.  Improvements  obtained  by  application  of  0NL01)  corrections  are  also  similar 
in  magnitude.  For  comparison  of  there  distributions  arid  those  recorded  at  the  Butt  of  Lewis,  tho  Leicester 
10.2  khz  data  reproduced  Lu  restricted  to  the  period  24/3/79  to  1 ’3/8/79  (figure  5)  which  coincides  with 
the  aval lubiLity  of  the  North  of  Scot  Land  observations. 


*1 0  'Jlio  position  ol*  tin;  Butt  oi*  Lewis  receiver 

Butt  of  Ixjwis  position  fixes  are  presented  in  figures  6  (V).ll  kHz.)  a  ml  V  (l^.L  kll/),  UJ.^  kHz,  results  bnitir 
compared  with  correspond  in/;  Leicester  measurements  in  figure  3* 

(i)  10. ?  kite  (figure  <0. 

(n.)  Butt  of  Lewis  uitfht-time  fixes  are  in  Sonora  1  distributed  at  a  furcate r  distance  from  the  recoi  vers 1 
true  l  ocation  than  those  recorded  i.i  Leicester. 

00  The  scatter  of  position  fixe:;  in  an  oast-west  direction  appears  slightly  greater  at  certain  time  a 
at  Leicester  (o./;.  1*1:00  GMT).  Thin  may  be  a  consequence  of  romainini;  dil* '’croneos  between  the  covara^c: 
of  data  in  the  period  indicated  (i,.u.  there  is  ji  «.*  Butt  of  Lewis  LOl’  data  L'i'om  iOtli  dime  to  Hi  th  July), 

(e.)  Fol  lowing  pui.nl  (b),  the  imrUi-south  scatter  appears  slightly  /'rent el’  at  the  Butt  of  licwiu  to./;. 

16:00  Cilff).  This  may  also  lu>  related  to  the  differences  in  the  diurnal  variation:;  of  IiOl’  AB  at  the  two 
1  oral;  i  one  • 

(d)  0HG01)  corrected  fixes  arc  generally  moro  accurate  at  the  Butt  of  Lewis  than  at  licicuotcr. 

Diffureheoa  between  the  sites  (corrected  data)  appear  more  prominent  .At  niftht  (liOiCXi  -  1)4:00  GM'L')  than 
during  the  day  (06:00  -  18:00  C.MTl. 

(ii)  1  'ft , G  kl I*/.  ( f i pui* c  V).  Position  fixes  determined  from  '•jJ.G  kll/  Butt  of  Lewie  LOPs  are  i J. I uslrutod 
iii  figure  V.  Tho  comparative  siuternciits  made  above  between  l.e  Least  or  and  Butt  of  Lewis  '10.  ?  kll/,  data  are 
ycnorally  valid  at  ‘’J.G  kllz.  Uif  forc'iicea  between  the  {Kuril: ion  fixes  recorded  at  Liu;  two  froipieuriaii  ,i.n 
Hoot  Land  uro  also  apparent  as  was  the  ease  l’or  Furnburoui'h  (compare  figures  6  and  V ) . 

1)111  UNA  I «  VARIATION  IN  HKAN  POG  moN.i 

The  greatest  ionospheric  inf  I  nonce  which  affects  VI, F  radio  wave  propa/^itiun  iu  the  diurnal  variation  i  n 
electron  density.  It  is  thLs  change  which  must  be  modelled  if  accurate  predictions  of  the  propugntxon 
errors  are  to  he  achieved.  'Jlie  existing;  0N.50H  predictions  partly  moot  this  objective  hut,  ns  indicated 
above',  the  decree  of  .success  i  a  rather  variable.  To  quantify  those  differences  the  diurnal  variations 
of  errors  in  position  fix  have  been  invest i gated  in  detail. 

11. 1  lustra  tod  in  figures  8  In  IP  are  mean  hourly  position  fix  plots,  recorded  at  each  monitoring  local  Wm. 

Both  Uhcorroclnl  and  OIIGOB  corrected  dal  art  inc tuned,  the  former  always  exhibiting  a  clockwise  relation. 
These  diagrams  csseui  is  I  I y  quantify  the  moan  diurnal  jjuLtorn  in  position  fixes  for  the  data  presented  In 
figures  3  to  The  form  of  this  pattern  is  particularly  important  since  i.t  could  well  provide  the  basis 
of  a  simple  prediction  program  for  the  U.K.  area. 

When  ON,1 101)  corrections  are  upptled  the  diurnal,  variations  iu  meuti  position  fixes  are  destroyed,  the 
remaining  distribution  being  a  function  of  the  correction  accuracy.  Histogrumu,  il  I  nut  rating  radial 
standard  deviations  (li'JDs)  about  the  moan  positions  are  a ! so  included  in  the  figures.  Generally  un'Jy 
smull.  reductions  in  HUN  are  apparent:  alter  apjd  ica l:i oil  of  ONUOD  corner, lions.  The  behaviour  of  those  data 
are  summarized  below. 

3«i  Hiscussioti  ol*  mean  ground  position  fii.r1.ri.huLj.otu; 

(.i  )  Farnhoruugh  monitor,  IQ..1  kHz  If.ignru  8).  Farnborongh ,  in.,’  HI/  moan  position  fix  distributions 
uro  Indicated  fn  figure  8.  A  ini.  in  muni  radial  error  (•■•  D.‘,  km)  occurs  around  10:00  CiiVI'  prior  to  correction 
by  OllUOh.  Tun  maximum  radial  error  0  km)  preseuL  in  the  uncorr»*cted  data  set  occurs  at  I’Otoo  GMT. 

ONUOH  i,iirnsc: lions  reilucc  radial  errors  to  '»  km  or  lei.;::,  however  h.'-Hs  at  dawn  and  dusk  are  larger  than  at 
other  times.  This  is  a  consequence  of  tin;  difficulties  in  predicting  LOP  variation.;  at  these  times. 

(ii)  Far nh enough  monitor,  I  '>.(>  kHz  ( l‘  i  guru  0 ) .  The  magnitude  uf  tlu;  1  .  I  *  kil/  diurnal  imtlorn 
(figure  9)  Is  reduced  and  displaced  some  in  i.m  from  the  receiver's  true  Location.  Wills  i»f  both  corrected 
and  uucorrectcd  data  are  approximately  1  km  loss  than  those  at  10. P  kHz.  There  is  however  a  prominent 
increase  In  HUN  around  08:00  after  ONUOD  predicted  proportion  corrections  (PPGu)  have  been  added, 

(iii)  lei  coster  monitor,  IQ.P  kHz  (figure  'K))  .  Hiinil.ar  diurna  l  paltcrns  i  n  iuicori*ocl.ed  mean 
position  fixes  uro  observed  at  Leicester.  A  more  direct  comparison  of  the  Butt  of  lewis  and  Leicester 
'll),;’  kll/  results  {ilh/'j/ 79  -  13/8/79)  Is  presented  in  figure  10.  Variations  between  this  diurnal  pattern 
and  that  of  figure  8  (I’Virnboroujjh)  are  due  pr i.nc iqmrLy  t><  the  differences  iu  the  time  puriotis  over  which 
the  data  originate  rather  than  due  to  change  in  receiver  location. 

liudiul  standard  deviations  increase  slightly  ihiritij*;  the  dawn  pei’iod  (ub:()<)  -  ()V:CX)  GMT)  al'lan-  addition 
of  ON.' I  OH  corrections. 

(iv)  Butt  of  Lewis  monitor,  10, •’  kll/  (figure  11).  I,,i|nu*c'  10  ( I**  i  center ,  lO.P  HI/)  may  be; 
compared  with  a  simitar  data  set  recorded  In  Gent  land  (figure  11)  whi(;h  has  the  following  features. 

Firstly,  the  shape  and  location  of  the  diurnal  variation  is  different  at  the  two  locutions.  Go*  <md.l  y , 
application  of  OMLOli  Pith;  I'onerul  ly  resell,  in  mure  accurate  posi  tion  fixes  nl  t.hr  Mu 1. 1  of  iiowi.s,  and 
their  disli'ibutioiu;  differ  Crum  one  site  to  the  ol.inr.  Thirdly,  l'-‘.|»j;  a,-e  similar  at  the  two  locations, 
the  maximum  dif l'ereiicos  beinj'  "f  the  order  of  I  km  (at  dawn  and  dusk). 

(v)  Butt  of  Lewis  monitor,  ~H.fi  k!lz  (  f  i  ^■i»,e  1.’) .  In  cninmcm  with  the  i1  arnbui’imi'h  mcnsuCcMiirnl  s 

at  this  frequeucy  ( f  i  {'lire  ’j)  uiicoi’i  r  : ted  fixes  form  a  diurnal  pal  l.i*rn  located  s>*|fi..  ilistnuee  (,'#  U)  km)  fi-oit. 
tho  receiver  o'  true  location.  Otl.BOH  cori’ei;li  oik;  dost:  oy  the  vajvlui  i  on  and  l\."l>s  are  slipldly  less  l  1  kr  ) 
at,  1  'jm(y  kll/  than  those  observed  on  lu.d  kli/  Ln  ."cot  I  and. 
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5-2  Concluding  note 

The  analysis  presented  in  this  section  (5)  has  illustrated  both  the  systematic  and  random  variations  in 
Omega  position  fixes  derived  from  three  LCPs  (AD,  AD  and  BD) .  Such  variations  have  been  quantified  in 
terms  of  radial  distances  from  the  true  position  and  radial  standard  deviations  about  hourly  mean  position 
fixes.  Tlie  distributions  observed  arc  a  result  of  the  combination  of  some  or  nuny  of  the  effects 
described  by  Jones  and  Mowforth,  19&0,  and  the  above  analysis  has  to  a  certain  extant  indicated  thoir 
relative  magnitude.  For  example,  variations  in  LOP  AD  produce  a  very  prominent  trend  in  position  fix 
distributions,  and  contribute  substantially  to  the  observed  level  of  K3D,  at  Leicester  and  Farnborough. 

Furthermore,  the  results  presented  above  provide  a  clear  indication  of  the  nature  of  the  improvements 
possible  with  the  application  of  ONSOD  PPCs  and  highlight  the  differences  in  system  performance  in  the 
north  and  south  of  the  U.K, 

6.  REAL  TIME  UPDATING  OF  OMEGA  POSITION  FIXES 

The  magnitude  and  variability  of  the  diurnal  T.OP  errors  have  been  investigated  and  the  effectiveness  of 
ONSOD  predictions  discussed.  An  alternative  method  of  correcting  the  navigation  errors  can  be  postulated 
if  the  position  of  the  receiver  is  accurately  determined  by  some  other  method  at  certain  times.  For 
example,  real  time  updates  of  position  could  be  obtained  from  a  satellite  navigation  system  or  from  the 
retransmission  in  a  Differential  Omega  system.  Errors  due  to  the  differences  in  receiver  positions  in 
the  latter  system  have  been  examined  by  Jones  and  Mowforth,  19S0.  The  alternative  technique  of  combining 
Omega  with  satellite  navigation  has  already  been  developed  by  some  commercial  companies,  and  this  type  of 
updating  method  is  of  interest. 

6.1  Qmega/satellite  receiver  simulation 

A  navigation  satellite  can  provide  a  very  accurate  position  fix  at  certain  times  of  the  day,  i.e.  when 
the  satellite  is  above  the  operator's  horizon.  From  these  fixes  the  errors  in  Omega  LOPs  at  the  particular 
time  and  location  of  the  observation  can  be  determined.  This  information  then  provides  an  additional 
correction  to  the  Onega  position  fixes  and  this  can  form  the  basis  of  a  correction  to  bo  applied  during 
the  period  when  che  satellite  is  not  available. 

The  possible  improvements  achieved  with  such  an  Omega/satellite  receiver  have  been  examined  by  combing 
Omega  LOP  data  previously  presented  with  a  simulated  satellite  aid.  The  satellite  derived  positions  (or 
updates)  are  assumed  to  have  no  associated  error  and  to  be  available  at  regular  six  hourly  intervals 
(00:00,  06:00,  12:00  and  18:00  GMT).  One  further  simulation  for  which  the  satellite  updates  are 
available  hourly  is  also  included. 

The  results  of  this  analysis  are  presented  in  figures  13  to  1?  in  the  form  of  circular  error  probability 
(cep)  versus  radial  error  in  kilometers.  Navigation  radial  errors  are  usually  quantified  in  terms  of  a 
particular  cep  level;  a  radial  error  of  7  km  (95%  cep)  being  generally  quoted  for  Omega  (Maenpa,  19?8). 

That  Is,  95%  of  all  Omega  derived  fixes  (including  PPCs  )  should  bo  less  than  7  km  from  the  receiver's 
true  location.  The  Admiralty  have  adopted  u  98%  cep  level  for  their  statements  of  system  performance  and 
therefore  both  95%  and  98%  levels  are  indicated  in  the  figures.  A  summary  of  these  radial  errors  is 
presented  in  taolu  2. 

The  data  have  been  assessed  by  the  four  methods  indicated  below  and  illustrated  in  figures  13  to  17. 

(a)  Position  fixes  determined  from  totally  unconnected  LOP  data. 

(b)  Position  fixes  determined  from  LOP  data  combined  with  ONCOD  l’PCs. 

(c)  Position  fixes  determined  from  FOP  data  with  satellite  updates  onLy. 

(dl  Position  fixes  determined  from  TOP  data  combined  with  UMdOl-  corrections  and  satellite  updates. 

LOPs  AB,  AD  an«l  J3P  have  been  utilized  in  this  analysis. 

G.2  Radial  error  distributions  (hourly  data,  updates  six-hourly) 

(1)  Farnborough  monitor,  10.?  kHz  (figure  15).  Radial  error  dir  utions  recorded  at  Farnbo. ough 
during  the  period  January  1 97 u  to  Juno  1978  on  10.2  Sells;  arc  indicated  :i  ?.ire  12»  The  Improvements 
pocsibLe  through  the  application  of  methods  (b)  -  (d)  above  are  immediate 1.,  apparent  from  the  diagram, 
method  (d)  providing  the  most  accurate  position  fixes.  Note  that  with  techniques  (c)  arid  (d) ,  i.e.  those 
involving  uatcl Lite  updates,  about  1 of  the  position  fixes  have  no  associated  radial,  error,  and 
correspond  to  the  times  when  the  satellite  update  correction  is  first  applied  in  each  six-hourly  interval. 

(U)  Farnborough  monitor,  1^.6  kllz  (figure  14).  Dintribu Finns  at  15.6  kHz  differ  from  those  at 
10.2  kHz,  large  radial  errors  being  recorded  in  the  15*6  kllz  uncorrected  data,  ONSOD  corrections  arc 
more  accurate  at  this  higher  frequency  producing  small  radjal  errors.  Satellite  updating  combined  with 
uncorrccted  data  results  in  a  radial  error  distribution  riot  unlike  Use  most  accurate  distribution 
in  Heated  in  figure  1'5  (satellite  updates  plus  ONSOD  corrected  data,  10.2  kHz). 

viii)  U*  ices  ter  monitor,  10.2  kllz  (figure  15).  Leicester  10.2  l:ltz  radial  error  distributions  over 
the  period  ?)\75/T)  to  13/8/79  are  presented  in  figure  15.  These  data  ore  compared  bu'l  *jw  wit);  those  from 
the  Butt  of  Tk3Wlg. 

(iv)  1:-utt  of  Lewis  monitor,  10.2  kHz  (figure  16).  Comparing  l  _  guro::  15  (Deice  '.ter,  10.2  kllz)  and 
16  (Bull  of  Lev;!:;.  10.2  kHz)  fin  interesting  difference  in  the  distributi <»ns  for  uncorrected  data  is 
apparent.  'Hie  shallow  Ledge-  present  in  figure  lb  i.-j  probably  due  to  the  more  dominant  phase  change  present 
over  t.he  Liberia  path  which  lends  to  segregate  the  position  fixes  wore  effectively  into  two  regions;  one 


close  to,  and  Liu?  other  further  away  from,  the  receiver's  true  location. 

These  data  further  quantify  the  improved  performance  of  the  OMMOD  corrections  at  the  Butt  of  I.ewia. 
Their  accuracy  here  in  such  as  tc  lender  mine  jossary  the  inc 1 nsi uu  of  satellite  updates  at  s^x-hourJ y 
interval s. 


(v)  Butt  of  Lewis  monitor,  13*6  kHz  (figure  17).  A  large  bias  it  evident  in  the  13*6  kHz  uncorrccted 
Scottish  data  as  indicated  by  figure  17-0MS0I?  corrections  appear  more  effective  in  reducing  radial  errors 
at  this  site  compared  with  those  obtained-  on  10*2  kHz..  The  combination  of  both  correction  techniques 
(method  (d)  above)  results  in  greater  radial  errors  at  large  ceps.  Thin  is  a  result  nf  the  introduction 
of  overcorrection  by  the  sat*  l.lite  updates. 

6.3  Comparisons  with  nominal  Omega  accuracy 

The  nominal  value  of  radial  error  in  Omega  is  km  at  a  cep  of  93'/-.  Tt  is  apparent  from  tab!  c  2  that 
this  is  never  achieved  in  the  U.K.  except  when  some  form  of  correction  is  applied.  Navigation  at 
Farnborough  with  10.2  kHz  transmissions  only  just  meovs  this  nominal  figure  when  both  ON  SOD  PP**;i  and 
satellite  updates  are  combined.  The  situation  at  13*6  kHz  is  bettor  duo  to  greater  accuracy  of  the  ONSOD 
PPCs. 

Tlirec  situations  are  considered  from  the  Leicester  1979  data,  and  discussed  below: 

(a)  10.2  kHz  Leicester,  hourly  data  for  the  period  January  to  December  1979  is  examined.  Nominal 
Omega  performance  is  achieved  with  either  ONSOD  L’PCs  or  with  satellite  updates  plus  PPCts. 

(b)  10.2  kHz  T«eicester,  hourly  data  for  the  period  24/3/79  to  13/8/79*  The  trends  hei  'e  are  essentially 
the  same  as  those  above  (January-December  1979),  differences  being  accounted  for  by  the  reduction 
in  the  size  of  the  data  set, 

(c)  1C. 2  kHz  Leicester,  five  minute  data  recorded  during  1979  but  unlike  situation  (a)  and  (b),  with 
hourly  satellite  updates.  Under  these  conditions  very  marked  improvements  are  possible  with  a 
Omcga/sat ellite  system,  radial  errors  at  best  being  reduced  to  2.4  km  (99#  cop). 

Finally,  Butt  of  Lewis  results  (hourly  data,  six  hourly  updates)  arc  indicated  in  table  2,  where  at  both 
10.2  kllz  and  13*6  kHz  radial  errors  are  ab  ut  4-J  km  (95?«  cep)  with  just  the  addition  of  ONSOD  corrections. 

7.  CONCLUSIONS 

A  detailed  analysis  of  the  experimentally  determined  performance  of  the  Omega  system  at  three  If  cations 
within  the  U.K.  has  been  undertaken.  The  validity  of  the  ONSOD  LOP  corrections  for  these  locations  lias 
been  assessed  by  comparison  with  the  observations  and  their  diurnal  and  seasons]  variations  quantified. 

From  this  study  a  number  of  systematic  differences  and  biases  arc  apparent  between  the  ONSOD  predicted 
LOPs  and  the  experimental  data.  Major  prediction  errors  arc  evident  at  dawn  (and  to  a  lesser  extent  at 
dusk)  for  some  of  the  propagation  paths.  Under  certain  situations  the  prediction  program  overestimates 
the  day/night  phase  changes  loading  to  further  Large  systematic  errors.  The  limitation  of  any  long-term 
prediction  program  duo  to  the  day-to-day  variability  of  the  ionospheric  D-rcgion  in  also  noted. 

The  changes  in  ’he  receiver's  apparent  positions  wore  determined  from  three  LOPu.  'Die  variation  in 
Omega  performance  accuracy  was  investigated  by  calculating  the  differences  in  the  measured  error  of  the 
same  LOP  at  three  U.K.  locations.  From  those  analyses  it  is  apparent  that  the  performance  of  Omega  at 
Farnborough  and  Leiccctcr  is  very  similar,  but  there  are  marked  differences  between  the  Butt  of  Lewis 
errors  and  those  for  the  two  southerly  receivers. 

'Die  differences  in  radial,  errors  in  position  have  been  further  quantified  in  the  context  of  an  Omega/ 
satellite  combined  system.  This  analysis  highlights  the  possible  advantages  an. I  Limitations  of  such 
a  system  and  has  further  omphatn set!  the  differences  in  performance  within  the  U.K. 

Further  work  is  required  to  determine  the  origins  of  the  errors  noted  in  the  prediction  technique  and 
to  explain  the  differences  observed  in  accuracy  within  the  U.K.  area. 
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Figure  13  ttadial  error  diotributionu  ut  KarnUorough ,  Jan.  1978-Junc 
1979,  10.?  kite.  Satellite  updatea  every  6  houru. 
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Figure  14  Radial  error  distributions  at  F‘arnborough ,  Jan.  197^-June 
1979,  15.6  kHz.  Satellite  updates  every  6  hours. 
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This  paper  outlines  current  methods  of  VLF  navigation  and  makes  necessary  comparisons  with 
other  systems.  Some  performance  results  are  presented,  both  for  typical  stand-alone  systems  and  for  one 
that  is  optimally  integrated  with  a  simple  Doppler  sensor.  Finally,  a  small  and  logical  modification  to 
the  stations  is  suggested  that  would  greatly  enhance  the  effectiveness  of  VLF  navigation. 

Introduction 


The  extensive  redundant  coverage  of  the  world  by  signals  from  VLF  Communication  stations 
whose  carriers  are  cesium  stabilized  to  about  1x10-12,  affords  a  simple  and  inexpensive  method  of  naviga¬ 
tion.  This  navigation  capability  is  particularly  useful  in  remote  areas  where  there  is  no  other  form  of 
radio  navigation  available  and  in  some  cases,  can  relieve  government  agencies  of  the  huge  expense  of  pro¬ 
viding  radio  nav  facilities.  Figure  1  shows  typical  coverage  from  one  of  the  more  powerful  transmitters. 
(Hauser,  J.P. ,  19741 . 

Transmission  Characteristics 


The  VLF  Comm.  Stations  (Table  1)  are  operated  primarily  by  the  U.S.  Navy  for  communicating 
with  NATO  surface  and  submarine  vessels,  although  GBR  has  time  keeping  and  other  functions  as  well.  Oper¬ 
ation  is  continuous  except  for  four  to  six  hours  a  week  of  regularly  scheduled  maintenance  and  each  sta¬ 
tion  has  a  daily  retuniny  period  of  10  minutes.  There  is  considerable  redundancy  In  the  stations'  power 
amplifiers  so  that  unscheduled  outages  due  to  lightning  striking  the  massive  antenna  structures  (a  very 
co, union  occurrence) , are  usually  kept  to  less  than  30  seconds  (Patch,  II.,  1975).  Communication  is  by  tele¬ 
type  using  frequency  shift  keying  (FSK)  or  more  commonly,  minimum  shift  keying  (MSK),  (do  Buda,  It.,  1976). 

Receivers  and  Navigation  Methods 

A  navigation  receiver  in  its  very  simplest  form  consists  of  a  short  (and  highly  mismatched) 
antenna,  a  liroad-band  preamplifier,  a  selective  phase-linear  gain  stage  for  each  frequency  of  interest  and 
finally,  a  narrow-band  phase-lock  loop  (PLL)  to  track  the  phase  of  one  ct  the  two  frequency  components  of 


the  FSK  or  MSK.* 

Letter 

Designation 

Call 

Sign 

Loea  tion 

F  reguency 
(KHz) 

ERP 

(KW) 

M 

NAA 

Cutler,  Maine 

17.8 

1000 

A 

NSS 

Annapolis ,  Maryland 

71 .4 

400 

W 

NLK 

dim  Creek,  Wash. 

18.6 

130-250 

L 

NPM 

Lual unlei ,  Hawaii 

73.4 

630 

J 

NUT 

Yosami ,  Japan 

17.4 

40 

S 

NSS 

North  West  Cape, 
Australia 

22.3 

1000 

R 

GQU 

Anthorne,  U.K.** 

19.0 

no 

r, 

GBR 

Rugby,  U.K. 

16.0 

250 

0 

JXN 

Helgoland,  Norway 

16.4 

150 

**  Not  cesium  stabilized 


TABLE  1  -  VLF  COMMUNICATIONS  STATIONS 


If  the  phases  of  a  minimum  of  two  stations  are  compared  ayainst  a  frequency  standard  (or  clock)  of  at 
least  1x10-10  stability,  navigation  is  possible  in  circular  geometry  across  the  face  of  the  earth  (Fig. 3a). 
If  the  receiver's  clock  is  of  lesser  quality,  the  addition  of  a  third  station's  phase  allows  clock  error 
to  be  calculated;  this  is  equivalent  to  navigating  in  hyperbolic  geometry  (Fly.  3b).  In  either  mode,  it 
is  normal  to  use  more  than  the  minimum  number  of  stations,  giving  an  over-determined  set  of  equations  that 
is  solved  by  some  weighted  least  squares  method,  with  each  station's  weight  usually  being  a  function  of 
geometry,  signal  to  noise  ratio  and  propagation  factors.  Because  distances  across  the  earth  from  observer 
to  the  stations  are  large,  a  good  model  of  the  yeoid  is  required  in  order  to  compare  expected  phase  dis¬ 
tances  with  those  given  by  the  receiver;  the  navigation  equations  are  solved  using  plane  trigonometry  to 
adjust  the  expected  position  to  that  corresponding  to  the  phase  measurements  and  one  has  a  very  simple  VI.F 
navigation  system. 

It  should  be  noted  that  because  the  carriers  of  Hie  VLF  stations  are  not  necessarily  related 
to  the  epoch,  phase  measurements  must  always  be  made  relative  to  a  known  starting  position.  In  a  moving 
vehicle,  it  phase  tracking  of  one  station  is  temporarily  lost,  its  hardware  or  software  tracking  loop  must 


*  Because  each  sideband  of  MSK  switches  1 1  BO 0  in  phase  to  give  a  four-state  code,  a  frequency  doubler  is 
usually  used  before  the  gain  stages  to  give  unambigious  phase  at  either  sideband. 


be  "told"  where  it  is  within  i  wavelength  using  circular  geometry  (or  within  i  wavelength  in  hyperbolic 
mode);  this  is  usually  possible  through  the  oosition  keeping  capabili.y  of  the  remaining  stations  or  by 
some  other  onboard  system  capable  of  short-term  navigation  such  as  Doppler/heading  reference.  If  all 
VLF  signals  in  a  stand-alone  system  are  lost,  nothing  can  be  done  except  to  reinitialize  it  at  a  known 
position. 

Propagation  Effects 

The  observed  phases  of  VLF  signals  are  subject  to  predictable  effects  such  as  diurnal 
change  of  the  ionosphere,  long-path  signal  interference  with  the  (normal)  short  path  signal  and  higher 
mode  effet  '.s  close  to  the  transmitter  (Belrose,  J.S.,  1968).  A  certain  amount  of  care  in  selection  of 
stations  and  particularly  the  elimination  of  any  station  whose  reception  path  is  subject  to  a  moving  day- 
n'iglit  terminator,  can  minimize  uhese  problems.  However,  the  unpredictable  effects  such  as  sudden  iono¬ 
spheric  disturbances  (SID's)  or  polar  cap  anomalies  (PCA's)  limit  the  accuracy  of  a  stand-  lone  VLF  nav 
system;  the;e  effects  are  somewhat  moderated  by  the  use  of  more  than  the  minimum  number  ot  signals,  in 
that  the  effect  of  a  S'1),  for  example,  is  not  necessarily  highly  correlated  over  all  signal  paths. 

Accuracy 


There  is  not  a  large  database  whereby  firm  stat  sties  for  expected  VLF  accuracy  can  be  set. 
This  is  particularly  true  for  operation  where  signal  paths  are  predominantly  in  darkness.  Project 
"Speckled  Trout"  (1980),  flying  mainly  trans-Atlantic  and  South  West  Pacific  routes  over  a  six  month  period, 
reports  avc  age  circular  e'-ror  for  their  VLF  system  of  3.44  vri  (27  flights  for  104.4  hours). 

Another  example  (mainly  daytime  paths)  that  :an  be  considered  typical  it  for  two  survey 
cperctlons,  totalling  thirty  flights  of  three  to  four  hours  duration*.  The  terminal  errors  were  as  follows: 

Average  Radial  Error  Std.  Deviation 

veribbean  Area  4  1  Km  3.7  Km 

Lanc.dian  High  Arctic  2.52  Km  1.96  Km 

Occaricr-ni  short  tern  position  errors  e*'  up  to  400m  can  often  be  observed,  lasting  from  one  to  five  minutes. 

In  our  experience,  the  above  results  can  be  considered  typical.  For  nighttime,  where  the 

ii-ro-phe ‘e  is  lets  well  defined,  errors  can  be  expected  to  increase  by  about  a  factor  of  1.5. 

The  iiso  section  of  this  paper  shows  how  navigation  accuracy  can  be  greatly  increased  by 

using  VLF  In  conjunction  w'th  another  inexpensive  source  of  navigation  information. 

Comparison  Wvi.n  Other  Remote  Area  Nav  Systems 

To  aporeciate  the  advantages  and  disadvantages  of  VLF  for  remote  area  navigation,  certain 
charact0*-' itics  of  to-’eral  other  contending  systems  must  be  briefly  sketched. 

“)  Slobal  Positic.iinq  System  (GP3).  This  system,  with  its  predicted  maximum  accuracy  in  three 

dimei.sioi.s  of  less  than  lOni,  win  undoubtedly  meet  the  reouirempnts  of  the  vast  majority  of  the  world's 
navigators.  However,  the  oositirning  f.in'  maintaining  of  24  satellites  is  a  very  costly  undertaking  and 
the  implementation  dates  keep  slipping.  Furthermore,  accessibility  to  the  entire  system  could  be  denied 
for  strategic  reasons  to  any  user  other  than  NATO  military  and  the  costs  of  user  equipment  are  expected 
initially  to  be  quite  high. 

b)  inertial  Navigation  Systems.  Although  not  radio  based,  these  are  attractive  for  remote 
area  na1  i  'tion;  currently  rvuTl able  systems  give  accuracies  in  he  order  of  1.8  Kni/hr.  Their  disadvantage 
is  that  the  error  Luild-up  with  tint  is  unbounded  and  their  cost  of  acquisition  and  maintenance  is  high 
relat  'e  to  other  systems.** 

c)  Decca  and  lc  ’an^HC.  Systems  of  this  type  provide  considerably  more  accuracy  than  VLK,  with 
•_oran-C  giving  about  3D0M~3i)T  or  nignt.  Their  disadvantage  is  that  their  coverage  is  currently  limited  to 
mainly  Maritime  areas.  Typical  maximum  usable  range  is  ZOOu  Km  over  sea  water;  to  provide  worldwide  three- 
static-'  coverage,  particularly  over  low  conductivity  areas  such  as  arctic  tundra  where  the  necessary  ground 
wave  is  severely  alt< ■  suited,  would  be  a  costly  project  involving  many  governments, 

d)  0ine..f  .  V.'  must  pause  longer  here  than  with  the  previous  systems  because  Omega  and  VLF  Comm, 
navigation  are  logical ly  complerentaiy  to  each  other,  are  djacent  in  the  VLF  spectrum  and  share  many 
common  characteristics,  unlike  VLF  comm.,  Omega  is  not  a  continuous  transmission  (Swanson,  E.R.,  1975); 
four  frequencies  between  10.2  anu  13.6  KHz  are  time  shared  over  ten  seconds  between  eight  stations,  seven 
of  which  are  currently  fully  operational.  Radiated  power  is  limited  to  10  KW  to  prevent  long  path  inter¬ 
ference  between  stations  in  adjacent  time  slots  on  the  same  frequency  and  because  of  the  problems  associated 
with  loading  the  antennas  in  the  200  milliseconds  allowed  between  the  nominal  one  second  transmissions.  The 
uiffnrence  in  radiated  power  between  Omega  and  VLF  ^oir,,:.  can  result  in  a  20  to  30  db  receiver  S/N  advantage 
for  the  latter,  which  can  be  very  important  for  operation  in  areas  of  high  background  noise.  There  are,  in 
fact,  various  areas  where  Omega  coverage  *s  a  problem,  such  as  the  South  Atlantic  or,  sad  to  say,  the  west 
central  part  of  the  U.S.  and  Canada.  It  is  For  this  reason  that  most  Umega  system  manufacturers  are  now 
providing  VLF  tracking  as  a  back-up  in  such  areas. 


*  Data  from  the  NAE  Convair-580  aircraft. 

*•  A  new  qpner-’Hon  of  inertial  systems  is  becoming  available  with  accuracies  of  <0.18  Km/hr.  This  one 
order  increase  in  accuracy  will  initially  have  a  corresponding  cost  factor. 


( 
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Because  all  Omega  transmissions  are  carefully  synchronized  to  the  UTC  epoch,  it  can  be  con¬ 
sidered,  in  a  limited  sense,  an  absolute  positioning  system;  initialization  at  a  known  point  is  not  cate¬ 
gorically  necessary,  which  is  an  advantage  compared  to  VLF.  In  a  phase  measurement  navigation  system,  the 
lower  the  frequency,  the  greater  is  the  distance  between  points  of  equal  phase.  In  Omega,  the  maximum 
unambiguous  distance  is  given  by  a  hypothetical  frequency  derived  from  the  difference  of  two  of  the  signal 
frequencies,  namely 

11.333  KHz  -  11.05  kHz  =  0.2833  KHz  with  X  =  1061  Km 

If  assumed  position  is  within  l  X  or  265  Km  of  actual,  correct  position  can  be  determined  and  the  correct 
wavelength  at  all  the  Omega  frequencies  can  be  established.  Unfortunately,  this  technique  requires  a 
minimum  of  six  clean  phase  measurements  (actual  algorithms  usually  use  correlated  information  from  all  the 
frequencies  to  build  up  a  difference  frequency)  and  in  conditions  of  low  S/N,  where  restart  capability  is 
most  often  needed,  correct  cycle  identification  does  not  always  work  (Beukers,  J.M.,  1974). 

Another  advantage  that  Omega  enjoys  over  VLF  is  that  propagation  performance  for  the  10.2 
and  13.6  KHz  on  a  worldwide  basis  has  been  extensively  modelled  (Swanson,  E.R.  and  Brown,  R.P.,  1972)  and 
coefficients  and  submodles  have  been  continuously  updated  since  1970  using  force-fit  techniques  based  on  a 
large  bank  of  observed  data  (Gupta,  R.,  1981).  A  numerical  model  for  propagation  at  the  higher  VLF  fre¬ 
quencies  is  said  to  exist,  but  it  not  in  the  public  domain.  Since  all  Omega  manufacturers  use  predicted 
propagation  corrections  (PPC's)  in  one  form  or  another,  a  given  Omega  solution  can  be  expected  to  have  the 
edge  on  corresponding  VLF  solution  with  the  important  proviso  that  there  is  adequate  Omega  coverage.  A 
series  of  flights  covering  most  of  the  continental  United  States  using  Omega  augmented  with  VLF  and  Omega 


only  (unfortunately  not  concurrently)  gave 

fl/VLF 

SI  Only 

R.M.S. 

4.07  Km 

3.33  Km 

C.E.P. 

2.78  Km 

2.22  Km 

(SaKaran,  F.C.,  1981) 

In  the  past,  one  of  the  biggest  differences  between  VLF  Comm  and  Omega  has  been  in  complex¬ 
ity  and  performance  of  mobile  receivers.  For  the  VLF,  a  hardware  second  order  tracking  loop  (i.e.  zero 
phase  error  for  a  constant  velocity),  with  a  very  narrow  bandwidth  and  thus,  good  noize  immunity,  is  simple 
to  mechanize.  For  Omega,  a  similar  hardware  filter  that  has  to  slew  to  the  correct  phase,  achieve  lock  at 
the  start  of  a  one  second  burst  and  then  track  correctly,  must  have  a  wider  bandwidth  and  the  mechanization 
can  be  quite  difficult.  Until  recently,  Omega  receivers  have  been  dependent  on  rather  high  quality 
velocity  information  ("rate  aiding")  from  some  other  system  to  achieve  quieter  phase  tracking.  However, 
software  tracking  loops  such  as  now  can  be  mechanized  in  microprocessor-based  receivers  are  flexible  and 
can  use  the  time  skew  of  the  Omega  information  to  generate  the  equivalent  of  velocity  data  to  allow  track¬ 
ing  at  effectively  narrow  bandwidths. 

Non-Technical  Problems  Associated  with  VL F  Navigation 

VLF  Navigation  has  not  found  wide  acceptance  except  with  those  who  actually  use  it.  The 
reason  for  this  is  largely  non-technical .  Navigation  is  a  highly  polarized  discipline,  mainly  because 
equipment  manufacturers  and  agencies  that  underwrite  the  ist  of  developing  a  particular  system  have  an 
understandable  interest  ill  protecting  their  investments  ayainst  competing  systems.  In  the  case  of  VLF, 
however,  there  were  no  facility  development  costs  to  the  navigation  community  (it  was  a  windfall)  and  for 
a  number  of  years,  there  were  only  two  small  manufacturers  of  VLF  navigation  systems. 

Advocacy  of  a  particular  system  unfortunately  permeates  government  i  egulatory  and  military 
agencies  and  it  Is  not  uncommon  to  find  vigorous,  single-minded  policies  to  this  effect.  For  example,  the 
U.S.  Navy,  the  underwriter  ofOmeqa  development,  was  not  pleased  that  their  communications  stations  were 
being  used  successfully  for  worl  '■  -d  navigation  for  a  number  of  years  before  Omega  became  operational. 

Between  the  U.S.  Navy  Communication  Command  and  the  VLF  navigators,  there  is  a  tacit  under¬ 
standing  that  the  requirements  of  the  latter  group  will  be  accommodated  provided  this  is  not  taken  as  a 
commi tment  to  navigation--! .e.  operational  flexibility  must  be  retained.  As  a  matter  of  record,  retuning 
times  have  been  staggered  between  station,  to  provide  continuity  of  navigation  coverage  and  the  U.S.  Naval 
Observatory  receives  and  forwards  forecasts  of  non-routine  shutdowns  and  of  reports  of  non-scheduled 
outages.  This  sort  of  arrangement,  however  effective,  does  not  meet  the  requirements  of  regulatory  agencies 
that  approve,  for  example,  air  traffic  separation  limits  based  on  navigational  capability  and  who  require 
that,  a  radio  navigation  aid  be  committed  to  its  task  without  qualification.  However,  for  those  who  actually 
use  the  VLF  navigation  facility,  the  current  arrangement  is  quite  satisfactory. 

A  Small  Change  to  Improve  Greatly  the  Usefulness  of  VLF  i.omm  Signals 

As  stated  previously,  the  carriers  of  the  VLF  stations,  ulthough  cesium  stabilized,  are  not 
related  to  the  UTC  epoch.  However,  in  order  to  allow  ;  nherent  reception  techniques,  the  mark  and  space 
frequencies  are  controlled  to  be  self-coherent,  with  toe  t'  unsition  from  one  to  the  other  always  occurring 
at  zero  phase  (Fig,  3).  The  point  at  which  transition  occurs  corresponds  to  a  phase-stable  signal, 
commonly  50  o'  100  Hz  depending  on  type  of  modulation  a:  a  data  rate.  At  NAE,  a  decoder  (Hardwick,  C.U.  and 
Barszczewski ,  A.,  1976)  was  built  to  reconstruct  and  track  the  50  Hz  signals  from  NAA  (Cutler)  and  from  the 
late  lamented  NBA  (Panama,  24.0  KHz),  when  both  these  stations  were  still  transmitting  FSK.  Over  the  short 
periods  we  ran  the  experiment,  it  was  observed  that  the  50  Hz  had  very  close  to  the  same  phase  stability  as 
its  carrier.  This  led  to  the  conclusion  that  if  tl.<>  VLF  carriers  (and  thus  the  50  Hz  transitions)  were 
related  to  the  epoch,  the  50  Hz  signal,  whose  pFase  information  would  be  unambiguous  over  approximately 
6000  Km*,  would  be  exceedingly  useful  for  navigation  and  time  keeping. 


*  For  MSK  at  the  current  baud  rate  of  200,  the  shift  is  ±50  Hz,  resulting  in  a  100  Hz  signal. 
This  would  give  3000  Km  of  unambiguous  phase. 
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Private  conversations  between  the  author  and  U.S.  Naval  Research  Laboratory  personnel 
indicate  that  it  would  not  be  difficult  to  keep  the  transmitters  related  to  JTC,  since  the  cesium  standards, 
far  field  monitors  and  control  circuitry  are  all  in  place  for  the  purpose  of  keeping  the  FSK  or  MSK  phase 
coherent.  It  would  be  a  matter  of  resetting  certain  counters  in  the  modulators  and  letting  them  start 
in  synchronization  with  a  cesium  derived  signal  on  transmitter  start-up.  A  simple  mechanization  would  cost 
an  estimated  $300  to  $1000  Der  station*  which  is  very  little  compared  to  capital  and  operating  costs.  Zero 
phase  at  each  transmitter  would  probably  not  be  tied  to  the  UTC  second  as  is  the  case  for  the  Omega  stations, 
but  the  offset  would  be  fixed,  measurable  and  monitorable**,  which  would  be  just  as  useful. 

The  applications  of  a  time  stabilized  low  frequency  modulation  are  very  numerous,  the  most 
important  of  which  are  as  follows: 

1.  World-wide  tirne/keeping  capability  to  several  pSec. 

2.  "Absolute"  worldwide  hyperbolic  positioning  with  amibiguity  =  1500  or  750  Km 

(i.e.,  X/4)  for  FSK  and  MSK  respectively. 

3.  A  potential  aid  to  Omega  lane  resolution  difficulties. 

4.  Unambiguous  position  reporting  via  satellite  for  Search  and 

Rescue,  vehicle  or  ship  location,  etc.  etc. 

The  navigation  (or  time-keeping)  accuracy  obtainable  using  50  to  100  Hz  difference  frequencies 
would  be  dependent  on  the  degree  to  which  propagation  anomalies  over  a  given  path  correlate  as  frequency 
difference  decreases.  Intuitively,  it  would  seem  that  correlation  should  increase  with  decreasing  frequency 
difference  and  this  has  been  verified  to  some  extent  in  low  power  experiments  around  12  KHz  with  difference 
frequencies  as  low  as  200  Hz  (Rawles,  A.T.  and  Burgess,  B.,  1967).  Records  using  20.0  and  20  5  KHz  (more 
representative  of  the  VLF  Conn  frequencies)  show  a  very  stable  difference  frequency  on  the  du, light  path 
from  Boulder  to  Ottawa,  a  4  pSec  wander  during  nighttime  and  a  8  pSec  peak-to-peak  disturbance  during  the 
dawn  transition,  the  latter  corresponding  to  a  28  pSec  shift  in  the  individual  carriers  (Belrose,  J.S.,  1968). 
The  same  experiment  indicated  that  using  a  100  Hz  difference  (19.9  or  20.0  KHz),  the  dawn  perturbation  of 
the  difference  signal  was  still  observable  but  very  much  smaller. 

With  the  VLF  Comn  stations  in  their  present  configuration,  adequate  experimental  data  could 
be  gathered  to  define  performance  at  small  difference  frequencies.  If  there  were  a  prospect  of  the  stations 
being  stabilized  as  suggested,  there  might  then  be  sufficient  incentive  for  such  experiments  to  be  carried 
out. 

Example  of  VLF  Accuracy  Using  Optimum  Integration  of  Nav  Information 

It  is  evident  that  no  navigation  system  (including  VLF)  is  ideal.  However,  the  good  char¬ 
acteristics  of  one  system  can  complement  those  of  another  provided  the  data  are  handled  in  a  optimal 
fashion,  lo  date,  there  has  been  little  tendency  in  this  direction  on  the  part  of  manufacturers,  primarily 
because  each  is  intent  on  optimizing  his  own  particular  system. 

The  example  that  follows  is  the  result  of  blending  Doppler  velocity/heading  reference  with 
VLF  phase  data  in  a  Kalman  mechanization  in  the  NAE  Convair-580  research  aircraft  (Leach,  B.W.,  1981). 

Doppler  gives  good  high  resolution  velocity  data  on  the  short  term,  but  small  velocity  and  heading  bias 
errors  quickly  integrate  to  unacceptable  position-errors  on  the  longer  term.  On  the  other  hand,  VLF  gives 
rather  noisy  short-term  data,  but  its  long  term  position  accuracy  is  good  provided  that  propagation  changes 
(bias  build-ups)  can  be  detected.  Figure  4  shows  that  Doppler/heading  biases  can  be  computed  quite  quickly; 
thereafter,  a  "calibrated"  doppler  system  can  recognize  bias  build-ups  in  the  VLF  phase  data.  In  this 
example,  the  bias  of  station  R  (GQO ,  19.0  KHz),  which  is  not  cesium  stabilized  and  hence  drifting  in  phase, 
was  tracked  and  the  station  was  actually  usable  for  navigation.  In  Figure  5,  the  build-up  of  error  using 
a  Doppler-only  mechanization,  is  evident.  The  second  trace  ("complementary  filter")  is  the  result  of 
smoothing  VLF  with  doppler  and  in  the  long  term  shows  some  improvement.  The  bottom  trace  ("smart"  Kalman 
filter)  shows  the  very  bounded  error  when  the  filter  is  given  a  priori  information  (hence  "smart")  as  to 
which  stations  are  expected  to  be  subject  to  propagation  errors***.  The  a  prion  information  or,  trans¬ 
mission  path  behaviour  is  given  to  the  filter  in  the  form  of  expected  noise  variance  for  each  station  and 
is  obviously  infinitely  more  compact  than  a  detailed  propagation  model. 

Conclusion 


VLF  Communications  provides  a  viable  means  of  navigating  in  any  part  of  the  world  arid  is 
particularly  useful  where  dedicated  nav  aids  are  not  available.  As  a  stand-alone  system,  it  is  very  cost- 
effective  for  the  small  user.  It  has  not  found  favour  with  regulatory  agencies,  but  the  fact  that  there  are 
now  over  4000  airborne  systems  in  operation  (1981),  attests  to  its  usefulness. 

Navigation  performance  improves  proportionally  to  the  amount  of  available  raw  data  used  in 
the  solution,  provided  it  is.  used  in  a  near  optimal  manner,  as  illustrated  by  the  foregoing  VLF-Doppler 
example.  Unfortunately,  this  approach  can  be  non-cost  effective  because  system  manufacturers  tend  to 
concentrate  on  one  source  of  data.  One  encouraging  recent  trend  is  the  very  logical  integration  of  VLF  and 
Omega  data  by  a  number  of  manufacturers. 


*  This  minimum  system  would  require  some  input  from  an  operator;  a  completely  servoed  system 
would  be  somewhat  more  expensive. 

**  Possibly  by  the  U.S.  Naval  Observatory? 

***  At  present,  the  filter  cannot  sort  itself  out  if  all  the  stations  are  expected  to  have  equally 
variab’a  phase  biases.  A  smarter  K.F.  is  being  developed  to  do  this. 
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The  effectiveness  of  VLF  navigation  could  be  greatly  increased  by  relating  the  FSK  and  MSK 
modulations  of  the  Comm  stations  to  IJTC  via  their  cesium  frequency  standards,  a  modification  that  would 
involve  minimum  expense.  The  result  would  be  global  absolute  positioning  and  time  distribution  system  that 
would  have  many  useful  applications. 
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FIG.  1:  SIGNAL  LEVEL  CONTOURS  IN  dB  >  1/jV/M  NAR  (17.BKHC,  1000KW), 
CUTLER  SUMMER  99%  TIME  AVAILABILITY 


FIG.  7(a):  CIRCULAR  GEOMETRY 


FIG.  Z(li):  SYPEPBOLIC  GEOMETRY 


FIG.  3(b);  INTERCEPT  BETWEEN  THE  CARRIER  AND  THE  SHIFTED  FREQUENCY 
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FIG.  4:  SMART  KALMAN  FI LTER  STATE  ESTIMATES  FOR  REAL  DATA 
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LORAM-C:  AN  OVERVIEW  OP  OPERATIONAL  AND  PROP  AG  AT  TON  CIlARAf'1'!'1  ’  TOT  1C 

by 


Robert  H.  Doherty  &  J.  Ralph  Johler 
Colomlo  Ileiiearch  %  Prediction  Laboratory,  Tnc . 
IfiOO  fiouth  Flatiron  Court 
Boulder,  Colorado  ATTACH 


ATOTHACT 


Lornn-C  In  a  'low  frequency  (90  to  110  kll7.)  pilot;  radio  navigation  ayst.ein,  Lornn-C  in  ordiriairLy 
configured  geographically  an  a  chain  which  eonolta  nf  a  maatcr  otnfcion  and  two  or  mope  ijeeondiir.y  nl..-il;inn;s 
oriented  to  provide  an  optimum  coverage  area.  The  pulao  O'.  met  and  plicae  atuhllity  of  tin;  oyutem  are  of 
paramount  importance  for  both  navigation  and  the  companion  une  of  the  L’nr  lime  uynehroni/.ntinn.  All 
toran-C  ohnina  operate  at  the  name  frequency,  utilising  difTcreneeu  in  repetition  rnten  to  dintinguinh  one 
chain  from  .-mother.  This  ternique  operfit.ua  well  in  prime  service  arena,  but  Introduces  a  problem  known  an 
tho  phenomenon  of  cross  rate  interference.  Thin  phonunonon  aw  uni  ’’oati;  itself  in  remote  or  marginal  aorvieo 
arena.  A  nignal  phn.-io  coding  technique  ,iu  uacd  for  searching  and  identifying  atni.innn,  such  toetiniquen 
m  also  benificial  for  reducing  interference  from  C W  aignals. 

The  need  for  a  low  frequency  loran  system  was  horn  out  of  the  ahorteofflminfB  of  the  starid/u'd  loran  system 
used  during,  World  War  IT.  Many  early  tests  of  low  frequency  l.oran  culminated  in  the  testing  of  Glfi’A'i  by 
the  U,0.  Air  Force  in  tho  early  arid  mid  lOSO'n.  This  was  a  tactical  bombing  ays* cm,  and  was  a  direct 
predecessor  to  Lornn-C.  Following  a  decision  by  the  II.  G.  Conn  I  Guard  to  implement  Lornn-O  an  a  general 
purpose;  navigation  system,  aevoi-’l  chains  were  insl.alled  world  wine  mid  ''A  stati.ina  were  opeml  iun.ul  in 
the  early  TO'o.  A  IT.  !?.  government-wide  deeision  in  the  evirty  TP'n  declared  that  Lorari-C  would  be  the 
primary  U.  II.  Ouil.nl  confluence  navigation  system.  Consequently  In  the  last  decade  III  new  stations  have 
been  raided  covering  all  of  the  U.  II.  coastlines  and  the  Great.  Lakes  region. 

elnei;  the  Loran-C!  ground  wave  is  very  stable  in  time,  ,-uid  siinee  the  jirimary  usage  has  been  over  sea  water 
piths,  the  major  calibration  efforts  for  the  systems  have  been  oriim'ed  toward  measurements.  Ground  wave 
radio  propagation  has  been  well  defined  by  Maxwellian  theory  and  limi'aUons  mi  well  as  rail  I  brat'  on  nf  the 
Lornn-C  systems  are  theoretic."' ly  possible.  Considerable  improvements  in  the  potential  liornn-C  usage 
over  land  paths  could  be  achieved  by  applying  appropriate  theoretical  woilc.  The  unique  nature  of  the 
Loran-C  pulse  transmission  allows  one  to  separate  ground  wave  and  sky  wave  transmission.  Also,  tho  pulse 
provides  a  transient  capable  of  validating  transient  propagation  theory.  Therefore,  tho  Lornn-C 
transmissions  have  proven  to  be  very  effective  diagnostic  tools  for  vai  Llati  rg  ground  impedance  arid 
tropographie  models  used  in  propagation  theories.  Continued  efforts  in  this  direction  wi I  1  undoubtedly 
lead  to  improved  prediction  and  calibration  procedures  for  use  with  all  Joron-C  systems. 
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1 .D  TMTLOhUCT ION 


Prevent,  day  loran,  more  precisely,  Lomn~C,  is  t,he  remilt.  of  more  than  40  yoani  of  system  devel npinent . 
The  need  for  a  long-range ,  high- accuracy  radio  navigation  synfein  war,  eri 1  i cal  from  the  boginlng  <;F  WU. 
Conventional  method  «  of  nav  \ijp\,  I  oil  at  tlvit  time  were  v  i  H.umI  !  y  useless  Tor  a  envoys  and  aircraft  on 
on  tl-submi  trine  patrol  in  the  North  All  ant,  in  during  fop  and  foul  weather. 

Tho  first  and  moat  widely  known  nyntem  uacxl  tho  frequency  band  j  m  1.  b 1  ’  ow  ?  RH?,.  for  nil  prncti eal 
purpoaea,  the  first  nystem  was  useful  over  aen  water  only  duo  to  the  h i gh  ra4o  of  nltonunt inn  nf  the*  P-  :vllk/, 
signal  over  land.  At  that  time,  however,  there  existed  m  pressing  need  |'or  navigation  si,  sea,  and  the 
system  sat!  si  find  thnf  need  very  well  ,  For  many  years  it  was  (billed  '‘Standard  Loron"  v  was  Inter 
designated  as  " L./oran-A" .  The  merit  of  the  wartime  system  was  evidenced  by  tho  fast  that  it  eeniinue-l  in 
nervines  until  o.umpletel y  ropl need  by  Loran-C  by  the  end  of  1HF0-  A  enmprohensi ve  t  real  men  l  nf  the  Loran 
devel  poment  up  to  the  on*1  of  VWT1  hi  given  by  Pierce  et  a.1.(lrM:  l. 


Toward  the  end  of  WWfl,  military  romii  roments  demanded  nav i gal. i ona i  coverage  over  land  raid  at  gnvi'.er 
rangoO  than  previously  required.  Those  reqai  romenl s  were  dot,  satisfied  until  long  after  the  sensat  ion  of 
hostilities  l.ut,  broad  ly  speaking,  those  requirements  initiated  a  series  nf  developments  which  finally 
produced  T/jrnn-C.,  a  inD-ldlv.  pulse  navigation  system,  Tims,  during  tlie  late  nn,|  t«i r I y  l^no,  t|ie 

Department  of  Defense  i nsl  1  tuter]  a  program  deni g,nn toil  to  devolnpe  ,s  new  genera- 1  on  of  rad  i  onav igat  i  on 
aids,  'file  nmuF  m s  CKTAtl,  a  land  based  bombing,  system,  Inter  renamed  ljornn-tl  b  it  ?  p,  fionst  (Juar*1. 
ifiVijn-C  liHS  greater  range  :in«i  is  more  aceurate  than  l/iran -A  {  lief  | ey ,  lb  7f  i .  ’I’he  rvr‘enl.  <1ev*'l  cpiicn4  ot  low 
sosl.  nseei vein  hail  brou/^it  the  use  of  Tjoran-C  within  th«*  gra:  u  of  thousands  of  eor-imci-fi al  and  sport 
fishermen,  find  i.-ur*h  of  entir**  recreational  br*n- i or  enmnun,  ly .  rNvt-.y  F/irsn-d  nervioe  is  nv’.Jlable 
throurfiout  the-  sew  *t.al  waters  e*‘  the*  :ontigfjus  itst»»s,  th*1  iri'^at  Ahasba  (except  for  Ihr’  Nort1, 

slop#')  and  most  of  ..hf  Hawaiian  walers  ns  well  as  many  ck.  >ir  areas  in  trie  Northern  Hem isphnie  fl»ee  Fi^mi'e 

n. 
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?.0  LORAN-C  CONCEPT!!  ANT?  TECHNICAL  BACKGROUND 

Loran-C  is  a  hypert'otic  radionavigation  system  ut. i T  i •/, i  ng  pulse  transmissions  to:  (1)  asporni.c  master  and 
secondary  stations  ( ?)  sepernte  ground  wave  from  sky  wave  transmit!:!' ons  (V'T  reduce  interference  effects 
from  in  band  (TV/  transmissions.  The  characteristics  of  the  Loran-C  receiving  equipment  have  boon 
especially  suitable  to  make  use  of  computer  technology.  Therefore  equipment  that  requ i  red  support 
vehicles  shown  in  figure  ?  in  IDM  can  be  easily  carried  in  the  palm  of  one  hand  today. 


2.1  Pulse  Propagation  Characteristics 

figure  3  illustrates  a  single  Loran-0  pulse  .a!  seen  at  tile  transmitting  station  and  a  scries  of  Lornn-C 
palnoo  t'l'Om  a  Master  and  l.wo  Hocoridary  stations  as  t.hey  might.  V-  seen  at  a  receiving  site.  Each 
transmitter  sends  a  group  of  eight  pulses  (for  visual  idontifi option  nine  pulses  from  the  Master)  in  a 
desugnutud  time  cqueneing  arrangement,  Each  series  of  eight  pulses  are  phase  coded  by  transmitting  a 
pulse  with  either  0  or  loo  degrees  added  to  the  phase  in  some  sequence.  Thus,  the  Master  station  is  coded 
in  one  eon  fJ  gum  I  ion  and  all  ilecondaricu  in  .another  configuration.  Thin  phase  coding  allows  the  reel  ever 
to  distinguish  the  Master  t  ransminoion,  each  pu rt. ic I nr  Secondary  in  determined  by  time  position  following 
Uie  Master.  In  addition  to  allowing  for  identifies.!  ion  the  plvise  coding  reduces  interference  from  CW 
trarismissi ons  because  Loran-C  pulses  will  be  monitored  in  0  or  1><0  degree  aspect  depending  on  the 
transmitted  code.  Figure  4  illustrates  how  the  Lorun-C  system  la  capable  of  operating  solely  on  ground 
wave,  and  therefore  remains  Tree  from  sky  wave  interference  in  the  navigational,  operation.  Prom  this 
figure  it  Is  nine  easy  t.o  sec  how  by  simply  moving  the  sampling  point  to  the  peak  of  the  first  hop  sky 
wave  it  is  possible  to  monitor  nearly  pirn  sky  wave  signals  no  discussed  in  auction  r>  of  this  paper. 


?,?  Digital  Aspects  of  Gyritcm  and  Equipment  iliac  Reduction 

Receiving,  equipment  measures  the  difference  in  lime  of  arrival  of  each  "neondary  transmission  and  the 
single  Master  transmission  lor  a  Lornn-C  chain.  Different.  Lornn-C  chains  arc  nope rated  by  the  fact  that, 
they  operate  on  different.  repetition  rates.  Time  Difference  (TP)  measurements  are  mo/1'’  in  the  rerieving 
equipment  in  two  stops.  A  course  inensurmcnt  to  will  thin  l/-  5  microseconds  is  made  on  tho  pulse  envelope, 
secondly,  tile  fine  measurement  is  made,  on  the  CW  part  of  the  signal  within  the  pulse.  Thin  in  a 
me  suromont  made  on  a  1 00  kite  carrier  to  within  .01  to  .1  microseconds  depending  on  equipment  and 
integration  times,  fSinoe  the  two  measurements  are  made  separately  a.  difference  in  readings  can  occur ,  and 
indeed  propagation  theory  any.!  such  a  difference  should  change  with  dintanco.  This  di fferemee  in  called 
Envelope  t.o  Qyc'le  Difference  (BCD) .  Vfitli  the  exception  of  initially  detomini  ng  tho  envelope  sampling 
point,  all  of'  t.ho  proooedurca  deuerihed  above  fall  within  the  normal  ncope  of  present  day  computer 
technology.  Thcrofore ,  within  the  pint  ;,[i  yearn  it  has  been  possible  to  reduce  7  relay  racks  of  equipment 
down  to  a  hand  held  slr.n  of  approvi mutely  U)  pounds. 


1.1)  THE  OPERATIONAL  I'fliTI'M 

Present  day  Doran— C  operation!' I  systems,  as  deacribed  l,y  the  IJ .  p.  Com:I  Guard  (I'PKl),  cover  largo 
portions  of  tin:  Northern  Horn i sphere  and  all  of  the  II.  ",  Omni.  Lines  an  shown  in  Figure  1.  Tn  all.  of  the 
Loi-'.'.n-C  fhui.no,  ilerviee  Area  Monitors  (liAMn)  arc  used  to  keep  tho  transmissions  controlled  In  the  service 
area ,  Also ,  Lomn-C  chains  are  normal  ly  e.al  ihrated  by  making  many  means  remen  is  throughout  tho  entire 
service  .-iron  of  the  chain.  All  of  those  measurniieni s  are  amllr.ed  in  a  p-.eudo-unpl rical  , 
psoudo-stat int i cnl  manner  in  order  i.o  determine  tho  chain  parameters,  primarily  the  emission  delays 
ansocj  a  fed  with  each  secondary  traiisnii  I.*  trig  static,!,  a  host  fit  of  the  d.a1;a  t.o  scaled  areas  .unsigned 
conductivity  values ,  find  fit  to  curves  similar  to  those  in  Figure  G  are  used  for  thin  eal  ibrat  I  on .  Tile 
phase  corrections  arc  determined  by  annum  trig  roeipruei  ty  and  empiriealiy  iiunimirig  in  Irol.h  di  reefionn. 
Uni  ike  tho  integral  equation  technique  (see  4-1)  this  proeenn  <vin  rot  account  for  rough  terra  in. 


7.1  Typical  Ojiernl son  Using  Area  Monitors 

All  ,  or  almost  all  ,  Lorvn-C  chains  are  operated  by  using  a  monitor  in  or  near  l.he  primary  service  area  to 
feed  lurk  information  to  keep  both  the  envelope  and  phase  numbers  constant  in  the  service  area.  The 
service  area  monitor  procedure  :  Iran  i/i  mes  leads  i.o  ambigui  1. 1  en  if  more  than  one  area  monitor  is  available  in 
tho  service  area.  Since  only  one  location  ea,i  ho  held  absolutely  constant,  either  one  monitor  must,  bo 
'iiosen  fur  control  cr  nn  averaging  process  must  lie  employed. 


l.’.l  Tinpiral  van's1  ion  manifestation  -  Them  j;.  some  temporal  variation  in  tile  l/ir.aii-il  si/y,.  ,  .and  if 
they  •ire  held  constant  In  one  location,  they  will  net  be  constant  in  other  I  cent.  ions.  Althoir  ,  it  is 
probed  ,y  desi , Tilde  to  keep  111  •  system  as  nearly  ■  constant  as  'OSS  i  b  I  e  in  lire  primary  ser  'O  area,  if 
should  be  '-onesided  that  use  el'  the  sysf'im  far  frem  the  primary  service  sre.u  could  lie  iiiib.ineed  w*  Ml  a 
local,  area  monitor  providing  coi  rod.  ions  for  any  iqni  .nent  usr'd  in  that  area.  "Tils  would  lie  part  i.'U  larly 
tine  wnorc  l.i  nqTiral  "•  rial,  ions  wore  the  greatest,  ever  land  patlia  cub, jo  'I,  la  he|ew  frei  v.i  iig  l.rmpera  I  u  res , 
see  deser i  ,d  i es  in  so  I. ion  4  of  this  paper. 
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3*1.?  Cross  rate  interference  -  All  Loran-C  chains  are  operated  at  1  DO  kHz  and  all  chains  have  identical 
phase  codes  and  pulse  separations .  Rate  sequencing  is  employed  to  separate  each  chain  from  all  others. 
This  involves  different  repetition  rates  for  different  chains.  Whereas  this  technique  works  well  to 
separate  chains  ins+rumentally,  unwanted  signals  from  chains  not  being  used  are  continually  drifting 
through  the  time  domain  for  the  signals  being  monitored.  This  Is  a  small  problem  when  the  desired  signal 
level  is  high  and  the  undesired  signal  level  is  low,  but  it  can  become  a  significant  problem  in  fringe 
areas  where  the  undesired  signal  level  may  exceed  the  desired  signal  level,  especially  when  sky  wave 
interference  is  considered.  Special  receivers  could  be  built  for  fringe  area  use  where  digital  techniques 
wore  used  to  blank  out  times  when  strong  interfering  Loran-C  signals  were  present,  but  this  practice  is 
not  followed  in  ordinary  Loran-C  receivers. 


3*?  Typical.  Calibration  of  Operational  System 

Typical  calibration  of  Loran-C  chains  are  made  by  taking  meosurenments  at  known  points  within  the  service 
area,  and  using  a  beat  fit  to  this  data  to  determine  the  correct  numbers  for  the  service  area  monitor  to 
hold.  The  actual  emission  delay  numbers  for  the  secondary  stations  arc  also  determined  in  this  process. 
As  pointed  out  by  Johler  and  Doherty  (19^)  lor  the  Moditerrranean  chain  and  Doherty  and  Johler  (ll-  °)  for 
the  U.3.  West  Const  chain,  this  process  may  yield  errors  of  several  hundred  nanoseconds  (i.  e.  tenths  of 
microseconds).  This,  in  turn,  could  produce  errors  of  several  hundreds  of  feet  when  introduced  into  n 
geographical  coordinate  conversion  scheme. 


3-2.1  Spatial  variation  manifestation  -  In  the  above  mentioned  references  ;ind  also  in  Burch  cl.  al.(l9'76) 
the  Loran-C  spatial  variations  are  treated  extensive;/.  The  existence  of  spatlnl  variations  over  land 
paths  is  a  well  known  phenomena.  Many  Loran-C  im  .inurements  over  land  paths  find  along  const  lines  where 
land  paths  are  involved  between  the  transmitter  said  receiver  show  these  variations.  flection  4  of  this 
paper  gives  a  brief  theoretical,  explanation  for  these  variations  and  a  method  whereby  the  variations  could 
be  theoretically  predicted  if  this  were  desired.  To  date  all  TAiran-C  us  cage  ban  been  predicated  upon  the 
repeatability  and  measurability  of  the  Loran-C  system  and  few  attempts  have  been  marie  to  improve  the 
predictability  of  the  system. 


3*2.2  ROD  and  other  operational  aspects  -  As  mentiond  previously,  ECD  (envelope  to  cycle  difference) 
occurs  throughout  the  Loran-C  service  area.  The  RID  •  nts  a  serious  problem  when  it  exceeds  q 
microseconds,  and  thus  causes  a  cycle  error.  This  co.  on  can  exist  over  extremely  ru^'ed  terrain,  as 
can  be  seen  from  the  theory.  An  especially  serious  ease  m?jy  be  encountered  where  the  signal  passes  over  a 
very  rugged  coast  lino.  In  this  ease  a  serious  error  can  occur  clone  to  the  shore  lint?  in  a  dangerous 
area.  Also  this  error  occurs  in  the  fringe  area  of  reception;  this  area  of  reception  is  variable  depending 
upon  the  sophistication  of  the  receiving  equipment.  Again  in  terms  of  problem  areas  associated  with  ECD 
very  little  propagation  theory  has  been  consulted  or  utilized. 


4.0  RADIO  PROPAGATION  AND  A  PRT5TrC'nrOM  POTKNTlAi, 

Overland  static  grid  Loran-C  propagation  (Grid  Warp)  is  uniquely  prod iotahLo  using  the  integral  form  of 
Maxwell's  Equations  as  demonstrated  by  .Johler (1971 ) .  ‘loo  figure  G  for  an  artists  concept  of  the  static 
grid  warp  phenomena.  The  demonstrated  high-precision  ropeatnbil  i ty  of  Lornn-C  time  differences  (TDn)  has 
provided  a  mechanism  with  sufficient  resolution  to  defect  the  extremely  small  phase  variations  caused  by 
propagation  anornal  ion.  This  propagation  theory  allows  for  prediction  of  the  even  smal  ler  temporal 
variations  through  the  introduction  of  the  refractive  index  lapse  rate  changes.  Considerable  theoretical 
work  has  demonstrated  that  the  temporal  variations  of  the  Loran-C  signal  are  related  to  the  changes  in  the 
refractive  index  lapse  rate  (change  of  refractive  index  with  .altitude). 


4.1  Theory  of  Prop.*igat  i  on  Related  to  Hpntial  Variations  (Grid  Warp) 

A  aimer  Leal,  solution  of  an  integral  aquation  representation  of  the  ground  wave  over  irregular, 
inhomogt  teouo  earth  has  been  employed  to  calculate  amplitude  ;ind  phase  of  the  propagated  err.tmuoun  wave? 
as  a  function  of  frequency.  A  computer  simulation  again  using  numerical  methods,  t  runs  forms  this  result 
to  Idle  time  domain  yielding  the  impulse  response.  Then  the  impulse  response  In  convolved  with  the  Loran-C 
pulse  function,  that  h na  been  t.rnnuformiod  from  the  time  domain  to  the  frequency  domain.  A  final  result 
demonstrates  the  propagation  of  both  pulse  envelope  and  the  cycler,  under  the  envelope  in  the  presence  of 
Irregular,  inhomogeneous  ground.  Tn  the  particular  case  of  the  T.onin-C  pulse,  Lt  is  concluded  that.  both 
the  phase  delay  and  the  RID  in  a  unique;  function  of  the  particular  type  of  terrain  over  wliich  Uie  wave 
propagates ,  ;md  it  Is,  at  the  present  state  of  the  art,  necessary  to  introduce  such  terrain  into  the 
propagation  theory  to  give?  a  unique  prodietion  of  the  pulse  propagation  time  (.Tbhler  and  llorow!  t.*,*,  ID'71,). 

Ad  demonstrated  by  Johler  et.  al.(l<),/H),  n  d^ta  base  -if  term*  anti  on  necessary  to  exercise  tlie  above 
[irogr-'uiis  woild  not  ho  particularly  difficult  to  obtain,  however  it  does  not  presi-nl  ly  exist.  Until  such  a 
data  b:uje  does  exist  hhf?  true  predicts  m  capability  of  Loran-C  cannot;  Ik;  exploited  over  land  piths,  even 
though  the  propagation  theory  is  understood  and  available  In  computerized  form,  A  review  of  various 
approx  i  mat  Ions  to  the  theoretical  propjigntion  solution  is  given  by  u;im;idd:o*(  lffgj) . 


4.2  Theory  of  Propagation  Related  to  Temporal  Variations 

Normally  temporal  variations  in  the  overland  propagation  of  the  Loran-C  signal  are  an  order  of  magnitude 
smaller  than  the  spatial  variations.  Moreover,  temporal  variations  over  oea  water  paths  are  extremely 
small.  Hie  apparent  exception  occurs  for  over  land  paths  subjected  to  sub-freezing  temperatures.  The 
phase  variations  in  these  cases  are  at  least  an  order  of  magnitude  greater  than  can  be  explained  by 
primary  wave  propagation  time  being  influenced  by  the  surface  refractive  index  (  n<f./c  where  is  the 
surface  index  of  refraction,  c  is  the  velocity  of  light  in  a  vacuum,  and  d  is  the  distance).  The 
variations  must  be  explained  in  terms  of  ■«  ,  the  lapse  rate  of  the  refrative  index  and  the  fact  that  the 
secondary  phase  correction  is  a  function  of  a  to  the  2/3  power  (Doherty  1 9~'c’ )  •  The  basis  for  the  effect 
being  more  pronounced  for  sub  freezing  temperatures  relates  to  the  relation  between  the  dry  term  and  the 
wet  term  for  the  refractive  index  (Samaddar,  190C;  Doherty  and  Johler  1Q75).  During  periods  of  cold 
temperatures,  Loran-C  can  be  significantly  effected  by  changes  in  weather  conditions. 


4-3  Computer  Technology  and  Prediction  Capabilities 

Computerized  prediction  programs  for  spatial  variations  were  described  above,  and  a  suggested  computerized 
prediction  program  for  temporal  variations  was  proposed  by  Campbell  et.  al,(l979).  With  the  advent  of 
smaller  and  smaller  computers  containing  larger  and  larger  memory  capabilities  it  is  possible  to 
anticipate  a  Loran-C  receiver  with  full  prediction  capability  contained  therein.  However,  in  the  interim 
it  seems  reasonable  to  concentrate  some  effort  on  obtaining  an  ad aqua te  data  base  for  computer  predictions 
and  also  to  implement  area  monitors  with  both  spatial  and  temporal  propagation  prediction  capability. 
Monitors  of  this  type  along  with  localized  communications  capability  could  provide  a  very  accurate 
differential  Loran-C  p»sitioning  capability. 


5-0  MEASUREMENT  VERIFICATION  OF  IR0PAGA"I0N  EFFECTS 

Loran-C  measurements  of  both  ground  wave  and  sky  wave  propagation  phenomena  have  provided  unique 
verification  of  many  of  the  low  frequency  radio  propagation  theories.  Also  the  measurements  have  provided 
mechanisims  for  event  detection,  and  inputs  to  stimulate  new  thou^i^s  on  various  propagation  and 
constituent  determinations.  These  measurements  have  been  rather  unique  in  that  the  pulse  transmissions 
allow  for  separation  of  the  ground  wave  and  sky  wave  effects.  Individual  ground  wave  measurements  and 
individual  sky  wave  measurements  at  these  frequencies  are  rare,  especially  over  long  periods  of  time  and 
over  widely  sepe rated  geographical  locations. 


5.1  Ground  Wave  Propagation 

Ground  wave  measurements  made  on  the  Loran-C  signals  generally  fall  into  one  of  two  categories.  Rather 
short  term  data  taken  at  many  locations  is  defined  in  terms  of  spatial  variations  due  to  terrain 
irregularities  and  ground  lnhcmogeneties  of  surface  and  sub-surface  conductivities.  Long  term  data  taken 
at  fixed  locations  generally  is  interpreted  in  terms  of  temporal  variations.  The  best  source  of  thi3  type 
of  data  has  been  from  the  Loran-C  system  itself,  i.e.  long  term  recordings  of  signals  between  two  Loran-C 
transmitting  sites.  Therefore,  spatial  variations  observed  from  many  measurements  over  short  durations  and 
temporal  variations  observed  from  fewer  observations  for  long  time  periods  comprise  the  Loran-C  ground 
wave  data  base. 


5.1.1  Verification  of  spatial  variations  in  Death  Valley  -  An  example  of  spatial  variations  is  shown  in 
Figure  7-  Here  a  comparison  of  computed  (solid  curve)  phase  variations  and  measured  phase  values  (points 
numbered  1-9  and  lettered  A-F)  in  the  vacinity  of  Death  Valley  California  is  presented .  This  is  extremely 
rugged  country  and  the  measurements  were  made  in  a  vehicle  confined  to  existing  roads.  Therefore,  it  was 
impossible  to  make  the  measurements  over  exactly  the  same  straight  line  p»th  where  the  calculations  were 
made.  The  extremes  of  the  measurements  and  the  extremes  of  the  calculations  agree  quite  well.  Doherty 
(1975)  gives  a  more  complete  description  of  these  measurements,  and  -Johler  and  Horowitz  (197C0  give  a 
'description  of  the  theoretical  calculations  that  are  compared  to  the  data. 


5.1.2  Explanation  of  temporal  variations  -  Figure  8  illustrates  temporal  variations  derived  from 
measurements  male  over  a  two  rear  period  between  the  Dana,  Indiana  transmitter  and  the  Carolina  Beach, 
North  Carolina  transmitter.  During  winter  months  this  path  is  subject  to  sub-freezing  temperatures  over 
land  areas.  Propagation  over  this  baseline  path  shows  an  increasing  speed  of  propagation  (decreased  delay 
time)  associated  with  the  colder  temperatures  in  the  winter  months.  Also  the  signal  velocity  becomes  more 
variable  during  the  colder  periods.  Both  of  these  phenomena  and  weather  related  frontal  movements  have 
been  associated  with  the  Loran-C  phase  through  the  lapse  rate  of  the  refractive  index  and  particularly  the 
increased  importance  of  the  dry  terra  of  this  lapse  rate  during  cold  weather  (Doherty  and  Johler, 1075; 
Samaddar, 1900). 


5.2  Sky  Wave  Propagation 

Loran-C  signals  have  always  been  recognized  as  a  potential  source  of  unique  sky  wave  information.  Ely 
sampling  the  piulse  waveform  at  a  px3int  near  the  peak  of  the  first  hop  reflection  it  is  possible  to  observe 
nearly  uncontaminated  sky  wave  propagation.  Diurnal,  locational  and  seasonal  variations  in  the 
ionospheric  D-regien  can  be  monitored  from  long  term  observations  cf  these  signals.  Also  short  term 
perturbat;ons  of  the  D-region  such  as  caused  by  high  altitude  nuclear  tests,  daytime  solar  flares  or  solar 
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eclipses,  and  nightime  particle  precipatation  events  can  be  observed  from  monitoring  the  Loran-C  sky 
waves.  Throu$i  a  cooperative  program  between  the  U.S.  Coast  Guard  and  the  Boulder  Radio  laboratories  of 
the  U.S.  Department  of  Commerce,  loran-C  sky  wave  data  was  gathered  for  12  years  (1962-1974)  at 
approximately  16  loran-C  secondary  stations  throughout  the  world.  Information  presented  in  the  remainder 
of  this  section  is  derived  from  these  measurements. 


5-2.1  Nuclear  tests  -  Detection  of  high  altitude  nuclear  tests  through  the  perturbations  produced  in  the 
ionospheric  D-region  provided  the  incentive  to  initiate  the  sky  wave  monitoring  program.  These  effects 
could  be  sudden  as  explained  by  Jean  et.al.  (1Q65)  or  they  could  be  long  lasting  over  several  days  as 
shown  by  Doherty  (1970).  During  the  initial  period  of  the  sky  wave  monitoring  program  several  U.  S.  and 
Russian  high  altitude  nuclear  tests  were  detected  in  this  loran-C  sky  wave  monitored  data. 


5-2.2  Eclipses  -  Total  or  near  total  solar  eclipses  occurred  over  some  of  the  sky  wave  monitored  paths  in 
July  1965  and  again  in  March  ig^O.  These  eclipses  allowed  one  to  study  the  sunset-sunrise  effect  over  a 
very  short  time  period  and  without  the  oblique  path  atmosphere  being  present.  A  study  of  these  results 
allowed  an  interpretation  of  the  D-region  from  a  chemical  constituent  viewpoint  (Doherty,  IT'D, Doherty, 
1971a).  Seasonal  variations  in  the  ionospheric  D-region  also  became  a  factor  in  these  interpretations. 


5*2.5  Solar  flares  -  During  daylight  hours  the  phase  and  amplitude  of  the  loran-C  sky  wave  signals  is 
normally  very  stable.  There  are  detectable  changes  in  the  daylight  results  both  with  latitude  at  a  given 
time  and  with  season  at.  a  given  latitude.  Solar  X-ray  events,  normally  associated  with  solar  flares,  are 
easily  observable  on  both  the  phase  and  amplitude  of  these  Loran-C  sky  wave  recordings. 


5.2.5. 1  Normal  and  abnormal  flare  effects  -  Figure  9  shows  signatures  of  solar  events  as  seen  on  several 
Loran-C  paths.  A  significant  result  of  flare  signatures  at  this  LF  frequency  and  for  a  one  hop 
propagation  path  is  that  phase  advances  or  phase  retardations  can  occur,  and  amplitude  increases  or 
amplitude  decreases  can  also  occur  (Sub  rah  many  am,  et  al.,19'74  ).  It  seemed  that  there  were  certain  times 
or  locations  when  one  or  another  of  these  effects  appeared  dominant.  Therefore,  it  was  decided  to 
undertake  a  statistical  study  of  flare  effects  for  one  year  period  at  three  different  latitudes 
(Doherty, igao). 


5- 2. 3-2  Variation  of  effects  with  latitude  and  season  -  Figure  10  shows  the  percent  of  flares 
demonstrating  an  amplitude  enhancement  at  three  different  latitudes  as  a  function  of  season.  Amplitude 
enhancements  occur  nearly  100  %  of  the  time  in  the  summer  and  more  frequently  at  low  latitudes  than  at 
high  latitudes.  Figure  11  shows  the  percent  of  flares  with  a  phase  advance  at  the  same  three  latitudes  as 
a  function  of  season.  The  fact  that  nearly  all  1ow  latitude  flares  an*  most  mid  latitude  flares  show 
phase  advances  even  in  the  winter  suggests  that  a  different  portion  of  the  D-region  is  detaining  the 
phase  changes  than  the  one  determining  the  amplitude  changes.  The  complete  study  referenced  above 
analyzed  the  results  as  a  function  of  solar  zenith  angle  both  during  summer  months  and  during  winter 
months  at  each  latitude.  This  study  definitely  suggests  that  general  changes  in  the  ionospheric  D-regicn 
occur  as  a  function  of  latitude  for  a  given  season  and  also  occur  as  a  function  of  season  for  a  given 
lattiude.  Similar  interpretations  have  also  been  reached  from  other  studies. 


5.5  Ionospheric  interpretations  from  sky  wave  measurements 

/ 

In  summary,  studies  of  the  Loran-C  sky  wave  measurements  were  used  in  order  to  attempt  a  better 
understanding  of  the  ionospheric  D-region.  In  addition  to  the  use  of  the  data  to  better  understand  the 
daytime  ionosphere  (Doherty,  196R  and  1970),  r.igbt  time  events  of  a  particle  precipitation  nature  were 
observed  (Doherty,  1971  a  and  b).  Tie  observations  reported  herein  represented  the  results  of  very 
limited  analysis  of  the  existing  data.  No  doubt  a  thorou^i  analysis  of  this  data  would  yield  many  more 
interesting  phenomena . 


6.0  UNTAPPED  PO^OJTIALS  FOR  LORATJ-C 

Current  Loran-C  radio  navigation  equipment  has  demonstrated  a  repeatable  precision  index  of  less  than  0-01 
raicrosecond/kilometer .  Thus,  two  colocated  receivers  measuring  the  same  time  difference  will  deviate  less 
than  this  amount  as  to  the  standard  deviation  of  their  measured  time  difference.  It  is  therefore 
cone1  uded  that  operation  of  Ltran-C  in  a  differential  mode  is  a  feasible  technique  for  such  practical 
applications  such  as  collision  avoidance,  instrument  landing  systems,  air  traffic  control,  precise 
location  of  surface  vessels  used  out  of  sight  of  land  in  underwater  exploration,  and  ground  based  vehicTe 
lo.  ation  in  nor, -urban  ernr.rorment  (Doherty  and  Johler,  1975-76).  It  is  also  the  opinion  of  these  authors 
that  the  computerized  aspects  of  the  Loran-C  system,  both  configured  and  potential,  make  it  a  very- 
powerful  tool  for  future  positioning  capabilities  and  other  applications,  fiolution  and  useage  of  radio 
propagation  prediction  methods  for  the  Loran-C  system  can  further  enhance  the  potentials  of  future  usage. 
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6.1  Ultimate  Absolute  Accuracy  Potential  Over  Land  Areas  Dependent  On  Prediction 

Comprehensive  use  of  Loran-C  over  land  for  aircraft  or  for  ground  based  vehicles  depends  upon  the  ability 
to  eliminate  the  errors  due  to  both  the  spatial  variations  and  those  due  to  the  temporal  variations. 
Presently  attempts  to  solve  these  problems  are  limited  to  calibration  by  measurements  alone  and  the 
potential  use  of  a  monitor  to  detect  and  report  temporal  variations. 


6.1.1  Spatial  calibration  by  prediction  -  Calibration  by  prediction  (Burch  et.  al.  1976)  could  ultimately 
be  a.  cheaper,  more  useful,  and  more  accurate  method  for  treating  spatial  variations.  Furthermore,  this 
technique  lends  itself  directly  to  a  computer  solution  that  could  eventually  be  implemented  directly  into 
a  receiver.  Rirthermore ,  this  is  the  only  calibration  technique  +hat  will  work  where  measurements  cannot 
be  made  or  independent  location  information  is  not  available. 


6.1.2  Tonporal  prediction  from  weather  information  -  Prediction  of  temporal  variations  from  weather  data 
i3  theoretically  less  well  defined  than  the  spatial  prediction  problem.  This  is  because  the  rigorous 
theory  relating  the  alpha  factor  precisely  to  surface  and  upper  level  weather  conditions  has  not  been 
solved.  However  long  term  weather  predictions  such  as  shown  in  figure  8  could  be  predicted  using  a 
compiter  program,  and  also  shorter  term  fluctuations  could  be  predicted  using  a  somwhat,  more  empirical 
approach  (Dean,  197°,  Canpbell  et.al.,1979)  utilizing  the  relation  between  the  dry  term  of  the  refractive 
index  and  the  phase  changes  observed  during  cold  weather. 


6.2  Computer  Technology  Enhances  Future  Potentials 

Three  areas  of  future  Loran-C  operation  lend  themselves  well  to  computerized  enhancement,  for  the  system. 
The  receiver  may  be  improved  by  incorporating  predictions,  both  spatial  and/or  temporal  as  described 
above.  The  receiver  operation  may  also  be  inhanced  by  computerized  removal  of  harmfull  fcross  rate 
interference.  Computerized  techniques  can  first  determine  if  the  interference  is  harmfull,  and  if  so, 
automatically  remove  the  harmfull  interference  by  eliminating  the  contaminated  samples  from  the  desired 
signal.  The  third  area  where  future  computerization  can  enhance  the  system  opertation  is  in  connection 
with  area  monitor  operation,  both  for  the  system  area  monitor  and  for  supplemental  area  monitors  used  in  a 
differential  operation. 


6.2.1  Predictions  incorporated  in  computerized  receivers  -  Tt  is  possible  at  the  present  time  to 
incorporate  land  sea  boundaries  and  rather  elementary  predictions  into  existing  Lorar.-C  receivers.  It  is 
not  inconceivable  with  bubble  memory  capabilities  that  the  entire  world  land  mass  impedances  and  terrains 
could  be  incorporated  into  Loran-C  recieivers.  In  the  meantime,  if  the  world  wide  da^a  base  existed, 
predictions  of  phase  corrections  could  be  made  for  all  Loran-C  operational  systems.  These  phase 
corrections  could  be  used  to  develops  algorithms  that  could  easly  be  incorporated  in  existing  type 
computerized  receivers. 


6.2.2  Computerized  reduction  of  cross  rate  interference  in  fringe  areas  -  If  Loran-C  receivers  were  built 
to  monitor  several  different  chains  at  once,  information  on  location  could  be  derived  from  more  than  one 
pair  of  time  differences.  Also  the  information  from  other  than  the  primary  chain  being  monitored  could  be 
used  to  determine  the  severity  of  cross  rate  interference  on  the  primary  chain.  If  this  severity  exceeded 
a  predetermine,’  level  the  cross  rate  interference  could  be  eliminate’  by  removing  the  signal  samples  which 
are  subject  to  this  contamination. 


6.2.3  Improving  area  monitor  and  differential  loran  operation  with  computer  propagation  -  'The  first  place 
where  computerized  propagation  predictions  should  be  incorporated  into  the  Loran-C  system  is  at  the 
service  area  monitors.  Where  these  monitors  are  used  to  control  the  system  by  intro’ucing  corrections 
into  the  secondary  transmitters,  the  calculations  woul’  indicate  when  the  corrections  were  due  to 
propagation  changes  and  when  the  changes  were  due  to  equipment  fluctuations  or  malfunctions.  Particularly 
in  the  case  where  transmitters  are  operated  in  an  unnttenJed  mode,  this  information  would  be  use^ull  to 
warn  operators  t0  check  the  transmitter  facilities. 

The  second  situation  where  the  propagation  predictions  would  be  benificial  arises  when  applied  to  area 
monitors  that  are  not  controlling  the  operating  system,  but  are  used  to  enhance  Loran-C  in  a  differei  :ial 
mode.  In  this  case,  where  corrections  would  need  to  be  supplied  to  the  operating  receivers  for  maximum 
positioning  accuracy,  calculated  propagation  corrections  foe  different  receive.-  locations  would  greatly 
enhance  the  accuracy.  This  is  pariculariy  true  since  the  propagation  corrections  are  always  nonlinear, 
and  the  location  of  the  receiver  within  t,h°  Loran-C  service  area  is  oxt~emely  important.  Computerized 
propagation  nredictions  enhanced  By  area  monitor  observations  as  feedback  to  the  prediction  algorthims 
provides  a  possibility  of  a  bootstrap  type  operation  that,  could  give  excellant  positional  information  from 
the  Loran-C  system. 
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7-0  CONCLUSIONS 

Lora n-C  is  a  viable  radio  navigation  system  in  the  continental  U.  S.  and  along  all  of  the  U.  S.  anl_ 
Canadian  coast  lines.  Also  most  northern  routes  over  the  Atlantic  or  Pacific  Ocean  are  cover  •  ^  fQr 

of  Loran-C  bv  the  fishing  and  recreational  industries  should  guarantee  the  existence  '  .  . 

Ir^a-3  to  «e.  Meet  users  of  the  system  do  not  require  absolute  accuracy  and  the  excellent 

repeatable  accuracy  always  inherent  in  the  system  suffices  for  their  require*. ' it^'L'^Sssary  fS 
■precise  geographic  coordinate  determinations  for  the  more  demanding  user,  but  it  will  be  necessary 
thi^user  tocreate  a  data  base  aiaquate  to  make  the  necessary  propagation  predictions .  j-emporal 

with  properly  assigned  impedances.  The  missing  elements  for  temporal  predic„io  .  .  time 

data  "base  and  the  correlation  between  alpha  factor  and  the  weather  parameters.  Conversley  only  a  time 
varying  alpJia  data  base  would  be  needed  to  achieve  temporal  variation  predictions. 
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Fig.2  Trailer  housing  CYT AC  receiver  and  support  vehicles  in  1954 
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ELECTROMAGNETIC  FIELDS  OF  DIPOLE  ANTENNAS  IN  THE  PRESENCE  OF  LAYERED  MEDIA 

J,  A.  Kong,  W.  C.  Chew  and  T.  M.  Habashy 
Department  of  Electrical  Engineering  and 
Computer  Science  and  Research  Laboratory 
of  Electronics 

Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139  USA 


SUMMARY 


The  electromagnetic  fields  due  to  a  dipole  antenna  in  the  presence  of  layered  media  have 
been  formulated  in  integral  forms  and  solved  with  the  following  techniques:  the  brute 
force  integration  methods;  the  modal  approach  by  finding  the  residues  for  the  integrals; 
the  image-source  approach  by  using  the  saddle  point  method;  and  hybrid  techniques  with 
combinations  of  the  above  approaches.  For  wavelengths  X  >  3  Km  and  observation  points 
less  than  X/20,  quasi-static  near  field  approximations  can  be  applied.  It  is  found 
that  for  very  long  wavelengths  or  for  sufficiently  thin  layer  thickness  the  normal  mode 
approach  is  more  useful,  whereas  for  shorter  wavelength  or  for  thicker  layers,  the  image 
method  is  more  efficient  and  accurate.  In  the  intermediate  range,  when  the  number  of 
normal  modes  required  exceeds  20  or  the  number  of  images  exceeds  10,  the  hybrid  me¬ 
thods  then  become  necessary.  The  various  numerical  results  are  illustrated  and  compared 
with  experimental  data. 

1 .  INTRODUCTION 

In  this  paper,  we  study  the  problem  of  electromagnetic  radiatj_on  from  a  dipole  antenna 
in  the  presence  of  a  two-layer  medium  )Fig.  1]  with  the  integral  reflection  coefficient 
formulation  for  the  field  quantities  (Kong,  1972,  1975,  19B1],  Several  mathematical 
techniques,  will  be  applied  to  the  solution  of  the  integrals:  (1)  brute  force  numerical 
integration  methods,  (2)  multi-image  approach  with  the  saddle  point  method,  (3)  normal 
mode  approach  with  the  residue  method,  (4)  hybrid  approach  with  combinations  of  the 
above  methods,  and  (5)  uniform  asymptotic  approximation  with  the  generalized  Webe'*-  func¬ 
tions  iBluistein,  1967?  Chew  and  Kong,  1981;  Felsen  and  ishihara,  1977;  Ishihara  and 
Felsen,  1979?  Kong  et  al.,  1974,  1977;  Tsang  ct  al.,  1973,  1974?  Wait,  1970,  1971).  Both 
quasi-static  limits  and  asymptotic  far  field  solutions  will  be  examined  and  discussed. 
Numerical  results  will  be  obtained,  illustrated,  and  compared  with  experimental  measure¬ 
ments. 

2.  formulations  and  .-..gluttons 

Consider  a  dipole  antenna  submerged  in  a  conducting  medium  as  shown  in  Fig.  1.  Let  the 
antenna  be  a  horizontal  electric  dipole  (HED)  •  The  z- component  of  the  electric  field 
vector  is  found  to  be  [Kong,  1981] 
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Junction  of  tin;  Mint  kind,  and  ij*  is  the  azimuthal  angle  with  respect  to  the  x-axis  in 
the  xy-lane. 


II J*'  (k^p)  is  the  first  order  llankel 


In  the  long  waved  engt  h  region  when  \  •  30  Km  and  for  observation  distance  less  than 

>-.  / 1 0 ,  we  can  apply  the  quasi-static  approximation  by  neglecting  the  displacement  cur- 

TM  m  TM 

rents.  Under  the  quasi  si  al.  i  c  approximation,  1,  1  -  R^  V.  -2  ip  L^k^/t  ^k^  where 

p  -  1 1  and  the  sign  of  p  should  be  kept  constant  along  a  particular  path  of  integra¬ 

tion  to  maintain  anulyl  ical  continuity.  We  have 
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In  the  multi- image  approach,  we  assume  |r^  e  |  <<  1  which  is  valid  for  large  layer 

thickness.  We  expand  S™  to  obtain 
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Substituting  (6)  in  (1)  yields 


E  =  — ^ -  cos 

z  4TTWE, 


dk  k  k  Hi-1-'  (k  p)  e 

P  p  lz  1  p 


i(kpp+  kl2d)  -  pkph 


+  -Eii_  cos 


•i»m  m  An  i  i  lkAp  +  ki  „  ( 2mlJ+d)  ]  -  pk  h 

-Wi,1-”™1  »!  lv  »  p 


+  -  Si 1  cos 


TM  m  'Ml)  i[k  p+  k  (2mH-d)  )  -  pk  h 

dWi*(‘R™J  H1  (kpp)  e 


"(l)  (1)  p 

where  (kpp)  =  (kpp)  e  •  Each  term  of  the  series  is  evaluated  by  the  saddle 

point  method  with  the  pole  singularities  between  the  original  path  of  integration  and  the 
steepest  descent  path  properly  accounted  for.  The  first  term  in  (7)  is  Lhe  half-space 
solution  in  the  absence  of  the  bottom  surface.  Each  integral  in  the  two  summations  can 
be  identified  with  an  image  field  [Pig.  2], 

In  the  normal  mode  approach,  we  solve  for  the  zeros  of 
TM  ^2klzd 
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The  field  is  then  obtained  with  the  residue  calculus 
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where  E  represents  normal  mode  solutions  for  each  residue  and  represents  the 

branch  pSi’nt  contributions. 
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In  the  hybrid  image-mode  approach.  S  '  is  expanded  into  a  partial  Sum  p.Lac  a  remainder 
term  as  follows: 
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This  equation  can  be  put  in  the  following  descriptive  form 


N  K 

E  =  V  (images)  +  7  (modes)  +  R, 
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where  N  is  the  number  of  images  and  It  is  a  residue  term  resulting  from  the  contour 
deformation  in  the  resulting  remainder  term. 

The  criterion  of  choosing  N  and  K  can  be  determined  as  follows  [Felsen  and  Ishihara, 
1977;  Ishihara  and  Felsen,  1979):  Let  N  be  the  number  of  images  and  K  be  the  first 
contributing  mode.  N  and  K  satisfy  the  inequality 


MK  >  N  >  Mk_x 
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kpK  =  kpK  +  pkpK  and  klzK  is  tlle  valut!  of  kiz  evaluated  at  the  pole  kpK>  The  real 
number  MK  is  the  value  of  m  at  which  the  steepest  descent  path  (SDP)  defined  by 


ik^p  +  ik^z(2mH  +  d)  -  pk^h  =  ik^p  -  pk-^h  -  S 


passing  through  the  branch  point  at  k  =  k.  will  also  pass  through  the  pole  at  k  . 

It  is  seen  from  (12)  that  as  p  is  increased,  the  value  of  M  ,  starts  to  increase  and 

will  evenutally  approach  the  value  N.  Thus  when  p  is  increased  such  that  M  ,  >  N 
then  the  lirst  excluded  mode  (i.e.  the  (K  -  l)th  mode)  must  be  added  to  the  modal  sum. 
Similarly,  as  p  is  decreased  such  that  M  <  N,  (lien  the_  Kth  mode  should  be  removed 

from  the  modal  sum.  Alternately,  if  the  nuftber  of  modes  (K  -  K)  is  kept  constant,  then 

the  number  of  images  N  must  be  adjusted  with  varying  p  such  that  all  possible  images 
N  <  Mk  are  included. 

For  high  frequencies,  we  consider  the  case  for  which  h  =  d  =  0.  We  expand 
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where  =  1  +  A  typical  expression  for  the  TM  rield  components  takes  the  form 
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For  each  image  source  term  in  the  above  expansion,  there  is  a  saddle  point  at  k 

-1  f 
k,  sin  a  with  u  ~  tan  (p/2md) .  For  TM  waves  there  is  an  additional  pole 
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and  a  branch  point  or  k  K  which  can  be  removed  by  the  transformation  k  =  k  sin  B 
*  p  o  J  p  o 

and  k  =  k  c^-  ti.  After  such  a  transformation,  a  typical  image-source  term  in  (15) 
becomes 
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and  f  is  the  original  path  of  integration  on  Lhe  B-plane  as  shown  in  Fig.  3. 
The  transformation  gives  rise  to  three  colinear  saddle-points  at 
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The  steepest  descent  path  and  the  branch  cut  for  Rel^qz]  ~  0  are  shown  in  Fig.  3  for 

a  >  0  =  sin  1 (k  /k- ) . 

mo  o  1 

The  removal  of  the  branch  point  at  k  =  k  converts  the  problem  into  the  asymptotic 
evaluation  of  an  integral  with  a  singfilari^y  close  to  three  colinea^  saddle-points. 
Uleistein  [1967]  described  the  more  general  problem  of  asymptotic  integral  equation  with 
multiple  saddle  points  and  many  nearby  singularities  in  terms  of  generalized  Weber's 
functions.  Making  use  of  the  generalized  Weber's  functions,  the  integrals  are  evaluated 
and  compared  with  the  ordinary  saddle-point  methods  and  experimental  results. 

3.  RESULTS 

in  Figs.  4  and  5  we  compare  the  results  for  the  real  and  imaginary  parts  of  Ez  as  cal¬ 
culated  with  the  brute  force  numerical  integral  method,  Lhe  hybrid,  the  normal  mode  and 
the  image  expansion  approaches.  It  is  noted  that  the  quasi-static  near  field  approxima¬ 
tion  is  valid  for  frequencies  less  than  100  KHz  and  for  measurement  distance  less  than 
1/20  of  the  free-space  wavelength.  For  higher  frequencies  or  large  layer  thickness, 
the  multi-image  method  gives  accural  results  in  an  efficient  way  while  for  lower  fre¬ 
quencies  or  small  layer  thickness,  txie  normal  mode  approach  is  more  attractive.  In  the 
intermediate  range  the  hybrid  mode  approach  becomes  useful. 

At  higher  frequencies  when  the  quasi-static  approximation  is  no  longer  applicable,  the 
generalized  Weber's  functions  to  approximate  the  fields  are  used  instead  of  the  ordinary 
saddle  point  methods.  In  Fig.  6,  we  show  the  results  for  E  component  due  to  a  hori¬ 
zontal  magnetic  dipole  and  compare  the  two  methods  with  numerical  integrations.  The 
ordinary  saddle  point  result  is  seen  to  be  inaccurate.  However,  when  d  is  large,  as 

ci  /  9  we  can  show  that  GO/.  is  a  special  case  of  generalized  Weber's  function  approxi- 
m.  .  o 
matiun. 

The  TE  field  of  a  horizontal  electri^f  dipole  is  dual  of  the  TM  field  of  a  horizontal 
magnetic  dipole.  For  p.  =  p  ,  t^e  Sommer f eJ.d  polo  is  at  infinity,  the  generalized 
Weber  function  approximation  deduces  to  that  of  a  three-saddle-puint  analysis  repre- 


'r 


sentablo  in  turms  of  paraboli  c  cylinder  functions.  Figure  7  shows  t  he  comparison  of  a 
three- sudd J  e- point  analysis  and  the  geometrical  optics  approximation  when  compared  with 
mc'Qsur(»mcnt  results  obtained  irom  a  model  tank  fxuoi  iiimn t .  The  thrce-saddle-poi nt  r< 
suit  is  demunstably  superior  to  the  geometrical  optics  approximation  (GOA) . 
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NEW  TECHNOLOGY  '/OR  ELF  RADIATORS  :  A  REVIEW  OF  AIRBORNE,  ROCKET-BORNE  AND  SPACE-BORNE  ANTENNAS 
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Raytheon  Company 
Portsmouth,  R . I , ,02871 ,U . S .A. 

SUMMARY 


Engineering  practicality  and  ecological  and  societal  acceptability  of  a  ELF  system  depend  essentially 
upon,  the  design  parameters  of  the  radiator  at  the  transmitting  terminal.  The  ecological  problem  virtual¬ 
ly  vanishes  when  the  ELF  radiator  is  either  airborne,  roc Rat -borne  or  space-borne.  However,  the  feasibi¬ 
lity  issue  centers  now  on  the  achievable  intensity  of  the  electric  or  magnetic  moments,  owing  to  the  limit¬ 
ed  availability  of  primary  power.  The  technological  outlook  is,  however,  promising.  Long  wires  that  trail 
an  airplane  or  are  suspended  vertically  from  it,  similar  to  the  VLF  TACAMO  antenna,  can  be  used  as  effective 
electric  dipoles.  Airborne  lopps ,  cryogenic  and  non-cryogenic ,  are  also  «  possibility.  For  the  rocket-borne 
and  the  space-borne  cases,  recent  studies  of  the  deployment  in  orbit  of  a  metal  wire  several  hundred  kilo¬ 
meters  long,  kept  aligned  along  the.  vertical  by  gravity  gradient  forces,  have  shown  that  there  is  a  large 
source  of  elec  trod  ynainic  primary  power,  dire  to  the  v  x  B  phenomenon,  that  could  be  utilized  to  energyze  the 
ELF  system.  A  Shuttle-borne  experiment  is  in  preparation,  to  be  conducted  on  the  occasion  of  an  orbital 
Shuttle  mission  of  the  mid  '80s. 


1.  INTRODUCTION 

The  engineering  solutions  considered  thus  far  by  the  designers  of  ELF  radiators  have  been  strictly  limited 
to  ground-based  conf igurationa .  These  unusually  large  radiators  have  been  the  object  of  a  long-lasting  con¬ 
troversy  :  their  societal  acceptability  has  proved  to  be  problematic,  mostly  because  of  their  environmental 
impact.  These  problems  have  held  back,  in  fact,  their  full  scale  development  for  at  least  two  decades. 

The  large  ELF  ground  antenna  proposed  in  the  mid  '60s  for  Project  SANGUINE  was  supposed  to  be  installed  in 
Wisconsin  and  to  cover  there  an  area  of  13,750  Km  of  low  conductivity  soil*  It  was  designed  to  use  a  total 
wire  length  of  about  1,000  Km,  with  the  wire  cut  in  10  segments,  each  about  100  Km  long,  with  all  segments 
parallel  and  spaced  10  Km  apart.  A  total  of  100  transmitter  modules  would  have  required  a  primary  power  of 
25  Megawatt.  Current  in  the  wire  was  supposed  to  reach  77.1  A,  with  a  total  electric  moment  of  7.71  10®  Am, 

Of  the  smaller  SEAFARER  antenna,  also  in  the  ELF  band,  two  versions  were  designed  in  the  mid  ’70s,  one  for 
installation  in  Wisconsin  and  one  in  Michigan.  The  Wisconsin  antenna  was  supposed  to  have  a  total  wire  length 
of  750  Km  and  to  cover  an  area  3,368,75  Km.  All  wire  segments  were  supposed  to  ba  parallel  and  spaced  about 
1  Km  apart,  with  a  total  of  40  terminal  grounds.  A  set  of  four  transmitters  required  a  5  MW  primary  power 
line.  The  Michigan  antenna  was  designed  to  use  a  total  length  of  649.37  Km  burled  wire  and  to  cover  a  4,550 
Km^  area.  Wire  segments  were  supposed  to  be  all  parallel  and  spacajL8.37  Km  apart,  with  a  total  of  66  terminal 
grounds.  T*  j  required  level  of  primary  power  was  5  MW. 

Because  of  societal  opposition  against  the  Lirge  ELF  antennas  above  ,  "Austere  ELF"  antenna  concepts  were  ela 
borated  upon,  in  the  lute  '70s,  A  proposed  scheme  is  depicted  in  Figure  1  and  Figure  2.  The  first  Figure  de¬ 
picts  an  ELF  antenna  existing  at  Clam  Lake,  Wisconsin.  It  is  a  center-driven,  end -grounded ,  telephone  pole 
mounted  wire  configuration,  with  a  litnit  of  300  A  wire  current  imposed  by  environmental  constraints.  The  plan 
was  to  feed  this  antenna  with  a  transmitter  that  war.  phase  -  locked ,  via  telephone  line,  to  a  similar  tran- 
mitter  at  the  ELF  installation  of  K.I,  Sawyer  AFB,  Michigan,  that  is  265  Km  away.  This  second  installation 
(  see  Figure  2)  was  actually  never  built.  Its  design  consists  of  three  arms,  with  length  48.5  up  to  64.5  Km, 
and  with  a  total  wire  length  of  210  Km. 

Even  with  these  reduced  configurations,  opposition  to  ground  based  ELF  antennas  lias,  however,  not  subsided 
and  although  plans  are  being  again  laid  out  for  a  ground  ELF  installation,  the  environments  lists  too  are 
mapping  the  course  of  their  cotin torac tion. 

2.  AIRBORNE,  ROCKET-BORNE  AND  SPACE-BORNE  ELF  RADIATOR  CONFIGURATIONS 

The  ecological  problems  virtually  vanish  when  the  ELF  radiator  is  airborne,  rocket -borne  or  epaceborne , Feasi. 
bility  and  practicality  now  center  on  the  achievable  intensity  of  the  electric  or  magnetic  moment,  owing  to 
the  limited  availability  of  primary  power  that  characterizes  Buch  airborne,  rocket -borne  and  space -borne  plat^ 
forms , 

The  technological  outlook  is,  however,  promising.  Long  wires  that  trail  an  airplane  or  are  suspended  verti¬ 
cally  from  it  can  be  used  as  effective  electric  dipoles.  Airborne  loops,  cryogenic  and  non-cryogenic,  are 
also  a  possibility.  One  of  the  most  succesful  developments  of  airborne  long-wire  antennas  is  the  VLF  antenna 
of  the  TACAMO  system,  used  for  submarine  communications.  This  antenna  has  been  in  operation  for  several  years, 
as  the  radiator  of  the  airborne  TACAMO  station  (  see  Figure  3).  It  is  a  ID  Km  wire  that  acquires  a  nearly 
vertical  configuration  when  deployed  from  a  EC-130  G/Q  airplane  that  moves  in  a  tight -turn  flight  pattern 
above  the  ocean  area  of  interest.  The  antenna  is  fed  by  n  VIJ?  transmitter  with  200  K"  output  power,  install 
ed  on  the  EC- 130  G/Q.  Invest igat ions  on  the  use  in  the  ELF  band  of  such  10  Km  wire  (  and  of  an  even  longer 
wire),  deployed  from  airplanes,  helicopters,  or  from  high-altitude  balloons,  are  in  progress, 

Aa  far  as  the  case  is  concerned  of  ELF  antennas  mounted  on  rockets,  on  board  the  Shuttle  Orbiter,  on  3.O.C. 
(Space  Operational  Center),  or  on  other  orbiting  vehicles  (Gross!,  1973),  recent  studies  have  provided  ana¬ 
lytical  proof  of  the  feasibility  of  the  orbital  deployment  of  a  metal  wire  that  is  several  hundred  kilo¬ 
meters  long.  This  wire  may  acquire  several  positions  of  equilibrium,  one  of  which  is  the  vertical  orienta¬ 
tion,  stabilized  by  gravity-gradient  forces.  Another  is  the  trailing,  horizontal  position  that  is  stable 
when  the  wire  is  terminated  with  a  large  balloon,  that  provides  a  sufficiently  strong  braking  force  because 
of  the  air  drag  duo  to  the  residual  air  density  at  the  Shuttle  orbital  helgth. 


When  vertically  oriented,  the  wire,  for  most  of  the  orbital  inclinations  of  the  Shuttle  (  exclusive  of  the 
polar  and  of  the  uear-polar  ones)  generates  a  large  amount  of  electrodynamic  DC  power,  by  the  _v  x  B  mecha¬ 
nism  and  by  the  additional  interactions  between  the  terminating  electrodes  and  the  ionosphere.  This  DC 
power  can  be  converted  into  electromagnetic  radiation  at  ELF  by  the  so-called  Alfven  Wings  mechanism.  In 
this  case,  the  orbiting  vertical  wire,  moving  at  orbital  speed  in  the  magneto-ionic  medium  of  the  Earth 
ionosphere,  functions  at  the  same  time  as  a  DC  power  generator,  and  as  a  ELF  radiator. 

In  alternative,  the  DC  power  generated  by  the  vertical  orbiting  wire  can  be  converted  to  ELF  by  a  static 
DC/AC  converter  on  hoard  the  Shuttle  Orbiter  and  can  be  used  to  feed  another  wire  antenna  deployed  by  the 
same  orbiting  vehicle,  possibly  iu  the  horizontal  direction.  Figure  4  shows  a  deployment  sequence  of  a 
rocket-borne  wire  antenna  that  could  produce  about  50  Kw  of  DC  primary  power  by  the  v  x  B  phenomenon,  of 
which  about  45  Kw  could  be  available,  net  of  ohmic  losses,  for  the  excitation  of  the  Alfven  Wings  mecha¬ 
nism.  Two  space-borne  configurations ,  that  use  basically  the  NASA  TSS  (Tethered  Satellite  System)  faci¬ 
lity  on  board  the  Shuttle  Orbiter  are  illustrated  in  Figure  5  and  Figure  6,  The  TSS  system  is  expected  to 
be  an  orbital  reality  in  the  mid  '80a. 

As  a  part  of  TSS,  mechanisms  of  wire  deployment  and  retrieval,  and  a  possible  control  system,  are  lllustra^ 
ed  in  Figure  7  and  Figure  8,  The  controls  are  designed  to  minimize  in-plane  and  out-of-plane  oscillations 
of  the  long  wire,  of  the  type  illustrated  In  Figure  9,  that  are  expected  to  insurge  during  the  various  pha¬ 
ses  of  the  orbital  operations  of  TSS. 

3.  THEORETICAL  BACKGROUND 

3.1  Introductory  remarks 

The  generation  and  injection  of  electromagnetic  waves  in  space  plasma  by  means  of  a  long  tether  in  Earth 
orbitv  at  ionospheric  heigths,  is  a  comprehensive  subject,  since  there  are  several  electrodynamic  pheno¬ 
mena  associated  with  the  moving  tether  (Dobrowolny,  1981),  some  of  which  potentially  usable  for  ELF  emis¬ 
sions  . 

The  configuration  on  which  we  will  mostly  concentrate  in  this  lecture  pertains  a  metallic  tether  connect¬ 
ed  to  the  Shuttle  at  one  end,  and  to  a  conducting  balloon  at  the  other  end.  The  tether  can  be  deployed  both 
upwards  and  downwards  with  respect  to  the  Shuttle  Orbiter.  This  amounts,  from  the  electrodynamics  point  of 
view,  to  exchanging  the  polarity  of  the  two  end  electrodes  (  the  balloon  and  the  conducting  part  of  the 
Shuttle)  with  respect  to  the  ionospheric  plasma.  The  numerical  results  provided  in  this  section  have  been 
obtained  primarily  for  a  tether  that  moves  perpendicularly  to  the  geomagnetic  field  lines  at  the  Shuttle 
velocity  vD  *  7.8  Km/sec.  Length  and  radius  of  the  long  wire  are  taken  to  be  L  =  100  Km  and  rw  ■=  0.5  mm. 

The  motion  of  this  long  metal  wire  in  the  Earth  ionosphere  will  lead  to  the  generation  of  electromagnetic 
waves  in  different  frequency  bands  from  ULF  to  HF  ,  through  several  generation  mechanisms  (Will lams ou  and 
Banks,  1976;  Dobrowolny  et  al.,  1979;  Dobrowolny,  1979;  Banks  ot  al,,  198-). 

As  the  tether  system  moves  through  the  Karth  magnetic  field,  a  polarization  electric  field  E  =  -  v  x  B  is 
seen  along  the  tether  from  the  plasma  rest  frame  (  we  refer,  for  the  moment,  to  the  case  of  a  perfectly  con¬ 
ducting  tether).  With  the  Earth  magnetic  field  B  =  0.3  Gauss,  we  obtain  a  maximum  potential  difference 
between  the  ends  of  the  system:  V(3  «  2.34  10^  Volt  (  when  v  is  perpendicular  to  B  ) ,  A  corresponding  po¬ 
tential  difference  is  therefore  seen  to  be  applied  between  the  lines  of  force  that  pass  through  the  termi¬ 
nations  of  the  system  and  leads  to  propagation  of  waves  away  from  the  region  of  the  disturbance,  Ele«  tro- 
magnetic  power  generation  is  thus  achieved  without  the  use  of  on-board  transmitters  and  without  pulsing 
the  tether  current.  The  source  of  primary  energy  in  provided  by  the  tether' a  motion.  As  it  has  been  point¬ 
ed  out  (Grossl  and  Colombo,  1978;  Dobrowolny,  1979),  this  electrodynamic  interaction,  and  corresponding 
wave  generation,  is  similar  to  the  interaction  of  certain  celestial  bodies  with  plasmas,  ouch  as  the  one 
of  .Jupiter's  moon  Io  with  the  jovian  magnetosphere.  Recent  Voyager  1  measurements  performed  inside  the  lo's 
tube  of  flux  (  Ness  et  ai,  1979)  have  confirmed  the  occurrance  of  this  interaction. 

By  appropriately  modulating  an  electron  emitter  on  board  the  Shuttle  Orbiter,  one  can  then  obtain  pulsat¬ 
ing  currents  in  the  conducting  tether  (  Banks  el  al . ,  1980)  and  this  can  maximize  emissions  at  the  modulat 
ing  frequency.  An  on-board  transmitter  can  also  be  used  to  feed  the  tether  as  a  normal  driven  antenna  ; 
such  a  transmitter  is  essential  in  the  case  of  horizontal  tether  oriented  in  the  direction  nf  motion,  where 
there  is  no  natural  current  flowing  in  the  wire.  There  would  be  no  dynamical  problems  with  this  configura¬ 
tion.  In  fact,  the  horizontal  tether,  if  terminated  at  the  free  end  by  a  balloon  (that  operates  as  a  aero 
dynamic  brake)  would  be  a  stable  system  configuration  (Colombo,  1980). 

In  configuration  A  of  Figure  10  (balloon  downwards  with  respect  to  Shuttle  Orbiter),  and  under  the  assump¬ 
tion  that  the  Shuttle  is  kept  at  low  potentials  with  respect  to  the  medium,  large  potential  drops  may  be 
present  between  the  balloon  surface  and  the  ionospheric  plasma.  Then,  as  pointed  out  by  Dobrowolny  (1979), 
secondary  electrons  can  be  produced  by  the  impact  of  energetic  ions  on  the  surface  of  the  balloon.  These 
secondaries  may  then  be  accelerated  away  from  the  balloon  along  magnetic  lines  towards  the  Earth  atmosphere. 
Thus,  generation  of  accelerated  electron  beams  iB  another  phenomenon  that  might  be  associated  with  the 
tether's  interaction  with  the  surrounding  medium.  This  has  been  suggested  by  a  number  of  authors  (Goldreich 
and  Lynden-Bell,  1969;  Gurnett,  1972;  Hubbard  et  al,  1976)  in  studies  oi  the  interaction  of  lo  with  Jupiter's 
magnetos  phe  re . 

The  generation  of  accelerated  electron  beams  may  also  give  rise  to  instabilities,  through  electron  cyclo¬ 
tron  resonance  interactions,  and  may  produce  whistlers  and  wave  at  even  a  higher  frequency.  At  the  altitu¬ 
de;;  of  interest,  the  electron  cyclotron  frequency  Is  fcl.  ^  0.8  MHz  and  the  electron  plasma  frequency  f 
range n  between  5  and  11  MHz.  It  Is  therefore  in  the  IIF  band  where  wave  generation  by  accelerated  electron 
beams  should  be  expected. 

3.2  Current-Voltage  Chracter istics  of  the  orbiting  wire 

The  tether ■ balloon  system,  while  moving  across  magnetic  lines,  carries  a  current  due  to  the  collection  of 
Ionospheric  ions  and  electrons  at  its  ends  (  the  balloon  at  one  end,  and  the  conducting  part  of  the  Shuttle 
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surface  at  the  other,  estimated  to  have  an  area  of  approximately  35  m^)  .  The  condition  that  must  be 
imposed  in  order  to  derive  current  and  potentials  is  that  of  the  balance  of  charged  particle  fluxes 
between  the  two  end  electrodes.  The  current  collected  at  the  Shuttle  end,  i8  must  be  equal  and  oppo¬ 
site  to  the  current  ip  collected  at  the  balloon  end  : 


W  -  -  <V 


Thin  equatiou  holds  for  a  wire  system  that  does  use  neither  ion  nor  electron  guns  on  board  the 
Shuttle.  For  the  potentials  V3  and  Vfi  ,  we  have  : 


V  -  Vn  =  y 


x  £  -  L 
o  *  ^ 


where  L  is  the  tether  length.  Hence  0.1)  is  an  implicit  equation  for  one  of  the  potentials,  for 
example  Vfl  .  Having  determined  Vs>  the  is  obtained  from  0*2),  and  the  current  Ic  “  )  i8 1  “  |  i^J 


is  calculated  from  the  solutions  found  for  the  potentials. 


The  model  that  has  been  used  for  charged  particle  collection  is  the  following  (Anderson  et  al. ,  1979; 
Dobrowoluy,  1981).  For  the  attracted  particle  contribution  to  the  current  referring  to  particles  of 
species  j  (  we  u9e  j  =i  or  e,  for  ions  and  electrons  respectively),  we  can  write: 

i,  attracted 

i  =  fCVI  (3.3) 


where  the  normalizing  electron  and  ion  currents  are  given  by  : 

1  >  i  „ 


V  ie|  vo A 


where  A  is  the  collecting  area,  n*  is  the  electron  density  and  v^e  is  the  thermal  velocity.  The 
function  f  depends  from  the  clecTron  potential  V,  through  :  1 


'ft'  (¥) 


whure  T  Is  the  electron  temperature,  /t  de  is  the  Debeye  length  ,  and  R  iu  the  electrode's  radius. 

The  function  £((f>  )  Is  plotted  in  Figure  11.  The  plot  was  derived  by  combining  different  module  for 
particle  attraction  by  large  electrodes  at  large  and  moderate  potentials  (  Alpert  et  al,,  1965;  Linson, 
1969). 

For  the  vopcllcd  particle  contribution  to  the  current,  we  use  simply  : 

1  i  repelled 

-J - -  e  K  e  (3.7) 

Ho 


where  V  is  now  the  repelling  potential.  Approximate  results  for  current  and  potentials  as  a  function  of 
balloon  radius,  obtained  with  the  model  of  a  perfectly  conducting  tether,  are  given  by  Anderson  et  al., 
(1979).  Recently  a  more  accurate  method  (Arnold  and  Dobrcwolny,  1980)  has  been  developed,  based  on  a 
truusml salon  line  analogy  of  the  tether  system,  to  compute  the  stationary  state  governed  by  (3.1).  This 
was  done  by  Holving  a  time  dependent  problem,  and  hence  the  transient  of  the  tether  system  toward  the 
stationary  state  was  also  obtained. 


II  must  be  noticed  that  the  equilibrium  current  i  in  the  tether  ,  obtained  by  the  method  outlined 
above,  is  a  very  non  linear  function  of  the  equilibrium  potential  difference  (V  V  ),  also  obtain 
ed  from  the  calculation  approach  above.  The  various  results  for  current  and  potentials  versus  balloon 
radius  do  not  correspond  therefore  to  a  ohmic  relution  between  i  and  Vs  -  ,  involving  the  tether 

resistance  ,  It  is  however  true  that,  in  all  cases,  the  current  value b  obtained  must  be  smaller  than 
the  ohmic  Limit  that  corresponds  to  the  total  electromotive  potential  available,  i.e,  : 


Iv  x  B  ■  L 

o  _ — ' 


Figure  12  gives  an  example  of  calculation  of  the  Shuttle  potential  (V8)  and  of  the  ballon  potential  (Vg) 
for  the  case  in  which  neither  electron  nor  ion  guns  are  used  on  board  the  Shuttle  Orhlter,  and  for  a 
downwards  configuration  (  Case  A  of  Figure  10).  The  wire  is  assumed  to  be  made  of  aluminum.  Figure  L3 
gives  the  current  in  the  wire  as  a  function  of  balloon  radius,  again  for  Configuration  A  and  for  two  va- 
luea  of  wire  resistivity  (  fi  =  0.03u,  dm  for  aluminum  and  =  0.15u.flni  for  piano-wire  steel  ).In  all 
cases  the  principal  limitation  f or  ■xhe  current  in  the  tetheT  is  tl/e  tether  resistance.  For  the  two  values 
of  resistivity  considered  above,  the  limiting  values  are  : 
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V  "  x-23  A 

lR-  6.1  A 


for 

for 


£  «=  0, 15/4 

0.03yUiX  u 


These* limiting  values  are,  however,  not  reached  in  ays tens  that  do  not  use  electron  or  ion  emitters,  even 
with  very  large  ballon  radii.  These  emitters  are  essential  when  it  is  required  to  boost  the  current  in  the 
tether  at  its  highest  values. 

Let's  consider  now  the  case  in  which  an  electron  gun  or  an  ion  gun  is  used  on  board  the  ShuttLe  Orbiter. 

In  Conf iguracion  A  (Figure  10),  we  need  an  ion  gun  on  board  the  Shuttle  and  it  must  be  used  in  such  a 
way  as  to  keep  very  small  its  potential  with  respect  to  the  plasma  (V  ^  0) ,  The  balloon  will  be  at  the 
potential  -JvB|  ,  where: 


IV  =  A+0  •  V 


and  Ad>  55  ]V  xB’Ll.  The  current  i  will  be  given  by  the  equation: 

0  •— o  ~  1 


(3.8) 


'  =  ’io  f  ( I VBl 5  (3-9) 

For  a  given  balloon  radiu3  Rp,  the  actual  values  of  current  in  the  tether  and  potential  of  the  balloon 
are  obtained  from  the  intersection  of  the  two  curves  i(Vjj)  given  by  (3.8)  and  (3.9),  The  results  of  the 
calculations  are  given  In  Figure  14,  The  achieved  Increase  in  current  can  be  appreciated  by  comparing 
Figure  14  with  Figure  13.  Figure  15  shows  the  level  of  current  in  the  wire  achievable  for  Configuration 
H,  when  an  electron  gun  is  used  on  bourd  the  Shuttle.  It  can  be  seen  in  the  Figure  that  for  balloon  radius 
larger  than  about  10  meter  ,  it  is  possible  to  approach  the  resistive  limit  of  the  current. 

As  it  can  be  seen  in  Figure  3,  that  applies  to  eases  when  neither  an  ion  nor  an  electron  gun  la  used,  the 
Configuration  A  balloon  can  be  charged  to  a  very  high  and  negative  potential.  The  ions  that  impact  on  the 
balloon  surface  can  thus  reach  high  energies  through  the  accelerating  sheath  region  surrounding  the  balloon 
and  can  cuuse  significant  emissions  cf  secondary  electrons.  Since  thin  effect  produces  a  change  in  the 
current,  and  hence  in  the  voltages,  it  must  be  taken  into  account  in  computing  current-voltage  character^ 
sties.  The  effect  is  also  of  interest  because  the  secondary  electrons,  accelerated  away  from  the  balloon 
through  the  sheath  region,  can  produce  electromagnetic  waves,  as  already  mentioned  in  this  lecture .This 
effect  has  been  included  in  the  software  that  compute  a  current-voltage  characteristics  of  the  tether. 


3,3  Partition  of  the  primary  elect rodynamic  power  into  the  various  loads 


In  view  of  the  potential  uses  of  the  orbiting  tether  as  u  ELF  generator,  it.  is  of  relevance  to  analyze  how 
the  primary  e Lee t rodynamic  power  of  the  tether  system  (  that  originates  from  the  v  x  D  phenomenon)  is 
divided  into  different  loads.  The  power  level  that  we  calculate  from  the  equation: 


P 


1 


(3.10) 


by  using  the  results  of  the  computation  of  current  and  potentials,  docs  contain  the  effect  of  the  ohmic 
losses  in  the  wire  (i.e.  |  Vy  -  J  «=  Vq  -  i  ).  The  power  dissipated  in  ohmic  losses  is: 

-  Rw  i2  (  3.11) 


If  there  Is  no  effect  of  secondary  electron  emission,  we  can  say  that  the  tutal  power  P^  available  for 
exciting  wave  processes  outside  the  tether  is  P^,  That  is,  P^  «  P^.  When  acceleration  of  secondary 
electrons  takes  place,  an  overestimate  for  the  power  level  that  goes  in  accelerating  electrons  can  be 
obtained  by  assuming  that  ,  in  passing  through  the  sheath  surra dueling  the  balloon,  the  electrons  gain 
all  the  energy  |eV](|  .  Then, 

F  =  V  )t  (3.12) 

3  I  11  I  uec 


where  i  is  the  current  of  secondary  electrons.  This  is  an  overestimate,  partly  because  the  emitted 
socondaifiHs  are  accelerated  through  the  sheath  region  only  through  the  component  of  the  electric  field 
that  is  parallel  to  1J  ,  which  inserts  a  numerical  factor  v  1)  in  (3,12),  In  this  equation,  we  have 


■  i(i)  (VB)  «  (|v„|) 


(3.13) 


where  6  is  the  yield,  a  function  of  the  total  balloon  potential  with  respect  to  the  plasma.  At  equi¬ 
librium  we  have: 


1 


sec 


*(vB) 


1  +  >5  (VB) 


where  i  is  the  total  current.  Consequently,  we  have: 


(3.12) 


A_ 

Ha 


(3.13) 
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In  the  general  case  ^  0  and  the  power  level  P  available  for  wave  generation  ,  is  given  by: 

P4  *»  Pj^  -  P  .  There  might  he  another  dissipative  phenomenon:  the  generation  of  micro  turbulence  in 
the  charged Jsheath  surrounding  the  balloon,  and  this  could  absorb  power.  Thus,  must  be  considered 
rather  an  upper  limit  for  the  power  that  is  expected  to  be  available  for  wave  generation.  Numerical 
examples  of  calculations  for  the  various  power  levels  considered  above  are  presented  in  Figure  16. 


3.4  The  phenomenon  of  the  Alfveu  Wings 

The  concept  of  the  Alfven  Wings  was  introduced  by  Drell  et  al  (1965)  and  further  developed  by  Chu 
and  Gross  (1966).  It  has  gained  recently  experimental  support  from  the  Voyager  1  observations  of 
magnetic  field  perturbations  associated  with  the  flux  tube  of  the  moon  Io  in  Jupiter's  magnetosphere 
(Ness  et  al,  1979)  and  from  further  work  that  did  follow,  once  the  observations  were  analyzed  (Neu- 
baucr,  1980).  Figure  1;  (Banks  ct  al,  1980),  gives  a  pictorial  view  of  th£  current  winga  associated 
with  a  TSS  moving  In  the  Earth  ionosphere.  The  basic  features  of  the  disturbance  associated  with  the 
TSS  are  aa  follows.  Since  the  ionospheric  conductivity  parallel  to  the  Earth  magnetic  field  is  extreme 
iy  large  at  altitudes  above  the  E  layer,  and  much  larger  than  the  transverse  conductivity,  the  magnetic 
field  lines  can  be  regarded  as  equipotent ial .  The  ionospheric  state  is  perturbed  by  the  motion  of  the 
tether,  or  by  any  large  conductors,  across  magnetic  lines.  From  the  rest  frame  of  the  plasma,  It  is  seen 
a  polarization  electric  field  E  -  -  v 0  x  B  ,  If  we  couslder  the  tether  fully  conducting.  A  correspond¬ 
ing  potential  difference  is,  therefore,  seen  between  the  lines  of  force  touched  by  the  two  terminating 
ends  of  the  system.  This  perturbed  state  tries  to  readjust  Itself  to  the  previous  equilibrium  state 
(with  no  potential  difference  across  field  lines)  through  the  propagation  of  waves  from  the  region  of 
disturbance.  These  waves,  and  the  associated  currents  parallel  to  B  lines,  carry  away  the  applied  poten 
tial  differences,  or  the  equivalent  transverse  space  charge.  The  angular  frequency  GO  of  the  radiated 
wave  is  constrained  to  satisfy  the  equation  ky.vQ,  where  k^  is  ^the  wave  number  and  y  is  the  direction 

of  motion  of  the  TSS  system.  An  estimate  for  ky  is  given  by  ky^=  2  ^*/dy  where  dy  is  the  conductor's  dimen 
a  ion  in  the  direction  of  motion.  We  obtain  for  the  frequency  1*  =  v0/dy. 

It  is  important  to  realize  that  f*  must  be  interpreted  as  an  upper  limit  of  the  frequencies  contained  in 
the  disturbance.  If  f*^  f  (  cyclotron  frequency  for  the  ions),  all  the  power  contained  in  the  distur¬ 
bance  goes  into  hydrouiagnetkc  waves  and,  in  particular,  into  Alfven  waves.  This  happens  for  the  case  of 
Io.  In  the  case  £f  the  TSS,  £hls  occurrence  materializes  when  the  balloon  radius  is  Larger  than  a 
critical  value  R,,  :  Rjj  *  P...  *  (  20  sinef)  meter,  whereof  is  the  angle  between  velocity  and  magnetic 
field. 

The  coupling  of  the  tether  system  to  the  plasma  medium  occurs  through  the  radiation  of  waves.  In  particu 
lar,  if  a  current  J„  ,  parallel  to  magnetic  field  lines,  is  associated  with  those  waves,  It  continues  the 
t-efhnr  current  into  the  ionosphere,  down  to  E  layer  altitudes,  where  perpendicular  current  closure  can 
Luke  place.  This  parallel  wave  current  is  beyond  the  so-called  "DC  current  model"  of  lo,  proposed  by  Gol£ 
rcich  und  Lyndun-Bell  (1969).  According  to  this  model,  the  flux  tube  containing  Io  would  actually  be  fro¬ 
zen  to  this  moon  and  thus  would  follow  Its  motion  around  Jupiter,  wf»:h  up  and  down  going  parallel  currents 
at  the  boundaries  of  the  tube  (  the  Alfvenic  currents)  and  circuit  closure  provided  by  lo  at  one  aide  and 
by  the  Jupiter  ionosphere  at  the  other  side. 

An  equation  of  general  vulidity,  not  limited  to  the  case  o»'  small  amplitude  waves,  is  the  following  (Jef¬ 
frey  and  Taiuti,  1964): 


D 

v  i - l/o  constant  (3.14) 

(Vp>V 

where  v  and  B  are  the  fluctuations  of  velocity  and  magnetic  fluid  In  Lhe  wave,  and  a  is  the  plasma 
m«HH  density.  The  constant  can  he  evaluated  from  the  ckground  properties  of  the  plasma.  In  the  rest 
frame  of  Lhe  plasma,  then,  we  have: 


“o 


-  \  J/2  -A  ",  71/2 

(uoV  IVp1 


(3.15) 


and  the  Ohm's  law  reduces  to 

+  v  x  B  0  (3.16) 

Taking  now  the  divergence  of  this  equation  and  combinig  it  with  (3.15),  we  arrive  at  the  equation: 


"nV" 


which  relates  the  apace  charge,  or  potential  difference,  across  field  lines  with  the  parallel  current 
associated  with  Lhe  wave.  Ih  the  case  of  tin  TSS,  space  charge  corresponds  to  the  electromotive  force 
applied  by  the  orbiting  wire  between  two  dii'fmit  field  lines.  On  the  other  hand,  by  combining  Maxwell's 
equations : 


V  X  t 


v  x  B  -  uo  J 
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we  arrive  at  the  equation  s 


VV 


•  E  - 


VZE 


(3.17) 


projecting  along  the  magnetic  field  (z)  direction  and  taking  into  account  that: 


H 


(’1  •  E.)- 


lo  ~W 


(3.18) 


By  combining  (3.17)  with  the  equation  ^ *Ej- already  intoduced,  we  can  write: 


X 

3t 


Ei> 


VA  £  <7i 


Ei> 


(3.19) 


which  tells  us  that  the  transverse  space  charge  propagates  at  the  Alfven  speed,  within  the  MHD  framework 
and  parallel  to  magnetic  field  lines .Actually  the  Alfvenic  current  flows  at  an  angle  $ ^  with  respect  to  the 

field  lines  given  by  ft  =  arr.f.nn  .  In  our  case  ft 0  55°  and  therefore,  to  all  practical  purposes, 

A  VA  A 


we  can  speak  of  parallel  motion.  In  order  to  have  an  Alfvenic  disturbance,  we  must  consider  for  the  bal¬ 
loon  a  very  large  dimension.  Then,  by  assuming  that  the  current  is  uniformly  distributed  across  the  tube 
of  flux  defined  by  the  balloon  boundary,  we  can  write 


and,  consequently  : 


(3.20) 


bw  ^ 


i "» v* 


(3.21) 


The  perpendicular  electric  field,  taking  ohmic  losses  in  the  tether  into  account,  is  given  by  : 


r  _  r  VAW 

Ei  -  Eio  - 


(3.22) 


where  Ej_q  is  the  total  Lorent-.  tleld  and,  fur  motion  perpendicular  to  B  :  Ej0  =  v0B  »  0.23  Volt/m.  We 
can  therefore  write  for  the  Alfvenic  current  : 


I 


Aw 


Io 


Jw_ 

l'ovA 


(3.23) 


where: 


To  p  RB  “V  E 
£  uo  A 


io 


(3.24) 


is  the  total  parallel  current  in  Alfven  waves,  which  we  would  have  for  a  perfectly 


conducting  tether. 


Figure  18  illustrates  the  Alfvenic  current  I  as  a  function  of  balloon  radius  for  a  tether  length  L  ~ 
100  Km  and  two  values  af  wire's  reels tivity.  we  have  taken  in  our  calculations  v^  =  800  Km/sec  as  an 
average  value  for  the  Alfven  speed  between  100  and  300  Km  altitude.  The  curves  of  the  Figure  have  vali¬ 
dity  for  Rb  ^  20  bind  meter,  as  the  current  I^w  applies  to  waves  in  the  hydromagnetic  range  of  frequen 
cies.  The  current  1^,  is  not  the  current  I  in  the  tether,  which  originates  from  the  particle  collection 
ut  the  terminating  end  electrodes.  Figure  ^9  provides  their  ratio.  In  the  cases  of  the  Figure,  the  Alfv£ 
nic  current  always  exceeds  the  collection  current  Ic.  Unless  there  ic  a  mechanism,  not  included  In  our 
analysis,  that  establish  a  limit  for  1  w,  the  Alfven  Wings  should  be  able  to  carry  away  along  magnetic 
lines  of  force  the  electromagnetic  perturbation  produced  by  the  TSS,  however  large  this  might  be. 


Concerning  the  amount  of  power  associated  with  the  Alfven  Wings,  this  quantity  can  be  obtained  by  multi¬ 
plying  the  wave,  energy  density  W  by  the  volume  filled  by  the  wr  *e  energy  in  one  second.  This  volume,  in 
turn,  is  given  by  the  cross  section  of  the  tube  of  flux  delimited  by  the  system  boundary  (  let's  call  this 
cross  section  A)  multiplied  by  the  wave  group  velocity  v^.  Thus  =  W  2A  vq,  where  the  factor  2  indi¬ 

cates  wave  propagation  in  two  opposite  directions  with  respect  to  tne  tether  system,  toward  the  conjuga¬ 
te  regions  of  the  low  ionosphere,  For  Alfven  waves,  the  following  equation  applies:  W^»  ™  R^/2w-,,  where 
B  is  the  magnetic  field  of  the  perturbation.  By  having  Vp  -  v^,  we  obtain  PAW  “  B  A  VA fv  Fu/  thlH 
equation  to  be  valid,  R  (20  sinak)  meter.  The  perturbing  magnetic  field  is  calculated  in  terms  of  the 
traavernn  electric  field  across  the  balloon  cross-section:  B  ~  KJp/va.  by  taking  into  account  the  resisti¬ 
ve  losses  in  the  tether,  we  obtain  the  expression  for  the  power  of  tne  Alfvenic  ;;avcs: 
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„  <E10'V>2  2 

aw  '  "i?r  **  (3,25) 

where  the  current  i  must  be  computed  as  a  function  of  balloon  radius.  The  input  impedence  Z  of  the 
tube  of  flux  can  be  computed  from 


where  Av  «  2  Rg  Ej__  .  From  (3,25)  and  (3.26)  we  obtain  ZAW  ■  ~~  ^>va.  At  the  altitudes  of  interest, 
a  typical  value  of  this  impedence  is  Z^w  ^  1.3  ohm.  * 

Figure  20  shows  results  of  calculations  for  the  power  P^y  as  a  function  of  balloon  radius. 

4.  NUMERICAL  ESTIMATES  OF  FIELD  INTENSITIES  AT  THE  EARTH  SURFACE 

Calculations  of  the  field  intensity  achievable  at  th»  Earth  surface  with  the  rocket-borne  ELF  radiator 
of  Figure  4  are  reported  iu  Table  I. These  calculations  are  based  on  the  Alfven  Wings  mechanism.  Similar 

calculations  have  been  performed  for  the  system  con- 
TABLE  I  figuration  of  Figure  5.  This  io  a  Shuttle-based  ver 

-  tical  tether  :yatem  substantially  more  powerful  than 

the  system  i  tgure  4,  with  a  tether  length  of  400 
raKKoRMANCE  pakameters  of  ROCKET  -BORNE  elf  wire  antenna  Km.  Table  II  contains  the  results  of  the  calculations 

'  performed  for  this  system  configuration. 


Wire  duutit; 


2  sa  (  «luBLnua  wire  coated  with 
dielectric) 


Wire  whale  reeietance  L  Koha 

Current  In  Wire  t  A*ip 

Keee  of  wire  850  Eg 

Balloon  redlue  50  a 

■  Uctrodynaalc  power 

generated  47  Kw 

Power  Loeeee  <  ohaiic 
loeeee)  In  the 
wire  4  Kw 

Nat  available  electro- 

dynaeiic  power  43  Kw 

inoepherlc  transmission 

loeeee  6  d® 

Convcrelon  loeeee  electro- 
dynaalc  power  to  slec- 

troaagnetlc  power  30  dB  (Initial  eetlwate) 

t.m,  field  at  hot  epot 
on  the  Earth  eur- 

face  H  -  L  allli-gt^e 


Noiie  level  in  l  Ha 
bandwidth 


Nolee  -  0.1  ■llligsee* 


Signal- to- Ndee  Retio 

in  1  He  bandwidth  SNR  -  +  20  dB 


Pappert  (1973)  has  developed  a  theory  of  ex¬ 
citation  by  an  orbiting  dipole  of  quasi-TM 
and  quasi-TE  guided  modes  in  the  Earth-Iono¬ 
spheric  cavity.  When  working,  for  instance, 
at  75  Hz,  the  horizontal  wire  of  Figure  6 
would  generate  field  intensities  at  the  Earth 
surface  comparable  to  the  ones  computed  by 
Pappert  (1973)  for  the  "Austere  ELF"  trans¬ 
mitting  facility,  as  plotted  in  Figure  21  and 
Figure  22.  Signals  would  have  substantial  in¬ 
tensity  at  distances  of  several  megameters 
far  from  the  vertical  that  contains  the  orbit- 
in  transmitter. 


The  configuration  of  Figure  6  is  the  most  complex  of 
the  ones  that  we  have  considered .In  it,  the  vertical 
wire  generates  DC  power  that  is  converted  to  ELF  by 
a  DC/AC  static  converter.  The  excitation  of  the  Alf¬ 
ven  Wings  mechanism  is  minimized  in  order  to  reduce 
radiation  losses.  The  ELF  power  obtained  by  static 
conversion  is  utilized  to  feed  the  horizontal  dipole, 
characterized  by  an  electric  moment  IJt"  3*2  10^  Aw, 


TABLE  II 


SHUTTLE- BORNE,  VERTICALLY  DEPLOYED,  ELF  ANTENNA. 
PERFORMANCE  PARAMETERS 


Wlr*  dlaneter 


Haas  of  Wire 

Wit*  ohe»lc  resletencs 


Currant  in  th*  wlro 
Balloon  radius 


Elsctrodynswic  power  generated 


Power  loeeee  In  the  wire  (ohalc 

loeeee) 


N«t  available  e  lectrodynamlc  power 
lonoepherlc  transmission  loeeee 


Conversion  loeeee  ElSctrodynamlc- 
to-electroaaKn*tlc  power 


E.ta.  field  f  <  tensity  st  hot  epot 
on  ti  i  Estth  surface 


Nolee  leveL  In  1  He  bandwidth 


Signal -to -Noise  ratio  In  1  IU 
bandwidth 


(aluminum  wire  wLth  die  lac. 
costing) 


30  dB  (Initial  eetlmatoj 


Ht  -  3  ailllgawe 

Nulee  "0.1  mliligatn 


5.  CONCLUSIONS 


New  vistas  in  ELF  radiators  derive  from  the  present-day  activities  to  design  and  construct  long  metal 
wires  for  orbital  use.  It  is  expected  that  in  the  mid-1 80s  demonstration  flights  of  the  TSS  facility 
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will  be  conducted  by  NASA,  aimed  at  the  experimental  verification  that  deployment  and  retrieval  ope¬ 
rations  are  feasible  and  safe  and  that  the  several  electrodynamic  uses  of  the  tether  are  possible, 
as  predicted  theoretically.  The  importance  of  even  producing  just  DC  power  becomes  evident,  when  we 
call  to  mind  that  the  Shuttle  has  a  serious  shortage  of  electric  power  and  a  leveL  ,  for  instance,  of 
30  Kw  coming  from  the  use  of  the  tether  would  double  the  present  amount  of  primary  power  available  from 
the  on-board  battery  system.  The  demonstration  flights  would  also  verify  the  extstance  of  the  Alfven 
Wings  mechanism,  and  of  other  radiation  schemes,  with  direct  bearing  on  the  feasibility  and  practicality 
of  Shut  tie -mounted  and  rocket-mounted  ELF  antennas.  It  is  reasonable  to  expect  that  in  the  time  frame 
1985-1990,  these  long  orbiting  wires  will  be  far  enough  in  their  development  to  be  available  for  use  in 
operational  ELF  communication  systems. 
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Fig.  1  Clam  Lake,  W1  ELF  Test  Site,  14  x  14  mi  (22.5  x  22.5  km)  center  driven,  end-grounded 
antenna  farm  having  proven  strategic  submarine  communications  capability  (Starkey,  1981) 


Fig. 2  Proposed  Michigan  portion  of  Austere  ELF  with  three  30-40  mi  (48.3  -  64.4  km)  antenna 
limbs  connected  electromagnetically  with  the  Clam  Lake,  WI  test  site  via  leased  telephone  cables 

(Starkey,  1981) 


VLF  COMMUNICATIONS 


F'iK.3  TACAMO  VLF  airborne  station  with  10  km  vertical  wire  antenna  (Black  et  al.  I47X) 


SPACEBORNE  ELF— DEPLOYMENT  SEQUENCE, 
ROCKET-BORNE 

EMERGENCY  COMMUNICATION  SYSTEM  AT  ELF 


l  itt.4  Deployment  sequence  ol  a  locket-borne  I  I  1  wire  antenna  ( Wi  ilTenbaeli  ami  McCarthy.  Ib/.S) 


SPACEBORNE  ELF-SHUTTLE-MOUNTED  ELF  TRANSMITTER  AND 
ANTENNA- 1ST  EXAMPLE  OF  POSSIBLE 
SYSTEM  CONFIGURATION 


Fig. 5  Vertical  metal  wire  of  the  shuttle-borne  TSS  facility,  used  for  IX'  power  generation 
and  for  excitation  of  Alfv  1  Wings  radiation  at  ELF 


SPACEBORNE  ELF— SHUTTLE-MOUNTED  ELF  TRANSMITTER  AND 
ANTENNA— 2ND  EXAMPLE  OF  POSSIBLE 
SYSTEM  CONFIGURATION 


Fig. 6  Vertical  wire  DC  power  generator  and  horizontal  1  l.F  radiator.  The  two  wires  can 
also  be  used  as  a  V  antenna,  requiring  balanced  excitation  at  the  vertex  of  the  V 
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Fig. 7  The  reel  and  the  boom  mechanism  of  the  TSS  (Tethered  Satellite  System) 
Shuttle-borne  facility  (NASA,  1 97 6) 


ig.S 


block  diagram  of  the  tether  control  system,  Sluittle-bornc  TSS  facility  (NASA, 


i  (amps) 
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50 
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Fig.  16  Power  into  ohmic  dissipation  (P3),  acceleration  of  secondary  electrons  (P3)  and 
wave  radiation  (P< ):  Configuration  A,  1,  =  I O5  m,  p  ~  0.03/r£Jm 


I'jg.  1  7  Schematic  view  of  the  upper  and  lower  current  sheets  which  spread  oul  from  the  electrodynaniic 
tether  system.  The  periodic  darkened  regions  represent  the  outward  propagation  of  ww  frequency 
Alfven  waves  along  the  magnetic  field.  There  is  a  net  positive  charge  excess  on  (lie  lop  wing  and  a 
net  negative  charge  density  on  the  lower  wing  (from  Banks  et  al.,  I  MHtl) 
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Fig. 2 0  Power  in  Alfven  wave  from  a  single  balloon  versus  balloon  radius: 
Configuration  A,  (a)  p  =  0.03/iflm;  (b)  p  =  0.15#iflm 


Dip  is  at  0°  at  the 
magnetic  equator 


Fig.2 1  Signal  levels  versus  distance.  Signal  levels  for  electric-dipole  sources  referred  to  a  current  moment 
for  3.18  x  106  amp-m.  Signal  levels  for  magnetic  dipole  sources  referred  to  a  current  loop  of  2.02  x  1010 
amp-ml.  The  azimuth  is  90°,  the  dip  is  75°;  and  the  frequency  is  75Hz  Legend: 

- ground-based  electric  dipole,  end  fire,  a  =  10'4  mho  m-1 ; . vertical  electric  dipole, 

500  km; - horizontal  electric  dipole,  broadside  and  end  fire,  500  km;  -  •  —  horizontal 

magnetic  dipole,  broadside  and  end  fire,  500  km  (from  Pappert,  1973) 

NOTE-  Dip  1>  0°.t 
magnetic  equator 


Fig.22  Signal  levels  versus  distance.  Signal  levels  for  electric  dipole  sources  referred  to  a  current  moment 
of  3.18  10*  amp.m.  Signal  levels  for  magnetic  dipole  sources  referred  to  a  current  loop  of  2.02  1 0'° 
amp.m2.  The  azimuth  is  90°,  the  dip  is  1 5°,  and  the  frequency  is  75  Hz.  Legend: 

- ground-based  electric  dipole  end  fire,  a  =  10-4  mhos/m; . vertical  electric  dipole, 

500  km; - horizontal  electric  dipole,  end  fire,  500  km;  oooooooo  horizontal  electric 

dipole,  broadside,  500  km;  x  x  x  x  x  horizontal  magnetic  dipole,  end  fire,  500  km;  —  •  —  • 
horizontal  magnetic  dipole-broadside.  500  kffiifrom  P^ppertt  1973) 
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ABSTRACT 


The  dc  SQUID  (Superconducting  Quantum  Interference  Device)  is  a  low  noise  fl ux-to-voltage  transducer  used 
in  sensitive  superconducting  magnetometer  systems.  These  systems  show  great  promise  as  detectors  of  electro¬ 
magnetic  signals  at  frequencies  ranging  from  10" 2  Hz  to  10^  Hz.  The  dc  SQUID  consists  of  a  superconducting 
loop  interrupted  by  two  Josephson  junctions.  A  luiiped  circuit  element  model  for  the  dc  SQUID  is  presented. 
The  magnetic  field  resolution  of  a  pick-up  coil  coupled  Inductively  to  the  device  is  derived  as  a  function 
of  the  device  parameters.  The  operation  and  resolution  of  a  typical  system  is  described.  The  rfecent  de¬ 
velopment  of  high  resolution  devices  with  energy  factors  approaching  the  quantum  limit  is  described.  The 
magnetic  field  resolution  of  these  devices  is  expected  to  approach  2  x  10"‘“  THz'l  at  frequencies  above 
a  KHz.  Low  frequency  resolution  is  presently  limited  by  1/f  noise  in  the  device. 

1.  INTRODUCTION 

In  recent  years,  superconducting  circuit  elements  have  been  used  with  great  success  in  a  wide  variety  of 
electromagnetic  devices,  For  example,  the  most  sensitive  magnetometers  and  linear  amplifiers  and  the  most 
stable  voltage  sources  are  now  fabricated  from  superconducting  devices  employing  Josephson  junctions.  In 
addition,  superior  superconducting  parametric  amplifiers,  analog- to-di ti gal  converters  and  integrated  cir¬ 
cuit  logic  and  memory  devices  have  also  been  developed.  The  performance  of  the  superconducting  devices 
has  commonly  exceeded  that  of  the  conventional  room  temperature  devices  by  an  order  of  magnitude  or  better 
(McDonald,  D.B.  ,  1901). 

In  this  paper,  the  development  of  an  extremely  sensitive  superconducting  magnetometer,  the  dc  SQUID 
(Jaklevic,  R.C.,  ....  1964),  will  be  reviewed.  In  the  past  throe  years,  the  energy  resolution  of  this 
device  iri  the  laboratory  has  been  improved  by  three  orders  oh  magnitude  over  uoiiiuercial  ly  available  super¬ 
conducting  magnetometers.  The  intense  interest  in  the  fabrication  of  superconducting  devices  ensures  the 
development  of  reliable  instruments  with  unpreeidented  resolution  for  field  use  In  the  very  near  future. 

The  availability  of  such  devices  as  detectors  for  low  frequency  electromagnetic  radiation  promises  to  have 
an  impact  on  communication  systems. 

Z.  THE  DC  SQUID;  AN  OVERVIEW 

The  dc  SOUID  (Superconducting  Quantum  Interference  Device)  consists  of  a  superconducting  loop  of  inductance 
L  interrupted  by  two  Josephson  juetions  (Fig.  1).  The  junctions  are  biased  at  a  fixed  dc  current  I.  The 
voltage  drop,  V,  across  the  SQUID  is  a  function  of  the  flux,  4'a,  threading  the  superconducting  loop.  A 
small  change  in  the  Input  flux  A4>a  produces  a  small  change  in  the  output  voltage  aV  =  (3V/3*a)A«a.  Thus 
tiie  dc  SQUID  is  a  flux  to  voltage  transducer  characterized  by  a  forward  transfer  function,  I3V/3'I'a . 

The  Josephson  elements  used  in  the  device  are  typically  thin  film  Josephson  junctions  (Josephson,  B.U., 

1962).  These  devices  can  be  characterized  by  a  lunped  circuit  element  model  (RSJ  model)  shown  in  Fig.  2 
(Stewart,  W.C.  ,  1968,  McCunber,  D.E.,  1968).  The  ideal  Josephson  junction  critical  current  is  I0  A  shunt 
resistance  R  and  junction  self  capacitance  C  are  in  parallel  with  the  junction.  The  Johnson  noise  associated 
with  the  normal  resistance  11  is  a  major  source  of  noise  in  the  SQUID.  The  thermal  fluctuations  in  the 
voltage  across  the  shunt  resistors  generate  fluctuations  in  the  output  voltage.  The  flux  sensitivity  of 
the  isolated  SQUID  is  determined  by  dividing  the  r»s  output  voltage  noise  by  the  forward  transfer  function. 
Since  the  Johnson  noise  sources  scale  with  the  temperature,  excellent  sensitivity  is  obtained  for  devices 
operated  at  4  K, 

The  flux  resolution  of  the  dc  SQU  I1’  is  a  function  of  the  applied  flux  (Tesche,  C.D. ,  ....  1977).  In  fact, 
the  dc  SQUID  operates  like  an  interferometer.  The  average  voltage  V  is  a  periodic  function  of  the  applied 
flux  *a  with  period  40  =  h/Ze  -  2  x  10" l!*  Wi>  (see  Fig.  3).  At  values  <l>a  =  n4>0/2  (n  -  0,  i  1,  i  2, 
the  forward  transfer  function  vanishes.  As  a  result,  the  dc  SQUID  is  usually  operated  in  a  flux  locked 
loop  (see  Fig.  4)  (Clarke,  J . 1976) .  An  ac  modulation  flux  4jn  with  peak-to-peak  amplitude  i()/2  and  fre¬ 

quency  ig,,  is  applied  to  the  SQUID.  If  Llie  applied  flux  4>a  =  n40/2,  the  voltage  across  the  SQUID  oscillates 
at  twice  the  modulation  frequency.  Small  changes  in  4>a  away  from  this  value  produce  a  component  in  the 
output  voltage  at  This  component  is  amplified  and  lock-in  detected.  Thus,  the  dc  output  voltage, 

V(1 ,  is  proportional  to  the  change  in  applied  flux,  A'!'a.  A  feedback  current  generated  by  Vo  is  used  to 
null  out  the  change  in  applied  flux.  The  modulation  frequency  places  an  upper  limit  on  the  detectable 
signal  frequency.  A  typical  value  for  the  modulation  frequency  is  100  KHz,  although  in  principle,  values 
in  the  MHz  range  could  be  used.  A  dc  SQUID  operated  as  a  small  signal  amplifier  (no  modulation)  could 
conceivably  be  operated  up  into  the  Gllz  range. 

The  dc  SQUID  can  be  used  directly  as  a  magnetometer.  The  input  inductance  is  then  the  loop  inductance 
L.  The  SQUID  can  also  be  coupled  inductively  through  a  coupling  coil  Lj  to  a  pick-up  coil  Ip  (see  Fig. 
b).  The  pick-up  coil  configurat  m  can  be  varied  at  will.  In  general,  the  resolution  of  the  magneto¬ 
meter  is  optimized  for  lj  L  (tlarke,  J. ,  ....  1979).  In  addition,  good  coupling  musl  be  maintained 
between  the  coupling  coil  L-j  and  the  SQUID  loop  L,  This  places  a  practical  limit,  mi  the  size  of  Llie  pick¬ 
up  cuil.  Since  the  applied  flux  is  proportional  to  the  area  of  the  pick-up  coil,  the  magnetic  field  re¬ 
solution  is  limited  by  both  the  intrinsic  SQUID  loop  inductance  I  and  by  the  effective  flux  noise  at  the 


SQUID  input.  SQUID  loop  inductances  are  typically  L  -  lOpH  -  lull.  As  a  result,  pick-up  coil  inductances 
are  relatively  small.  The  magnetic  field  resolution  is  a  result  of  the  intrinsically  low  dc  SQUID  flux 
noise  rather  than  the  use  of  a  large  cross  section,  pick-up  coil.  For  a  solenoidal  pick-up  coil  of  radius 
O.OS  m  and  length  0.2  in,  a  resolution  B  -  2  x  T  in  a  1  Hz  bandwidth  is  obtainable. 

Finally,  the  resolution  of  the  device  is  also  limited  by  low  frequency  (1/f)  voltage  noise  observed  at 
the  device  output  (Clarke,  J 1976) ,  The  source  of  this  noise  is  noL  well  understood  at  this  time.  In 
fact,  although  much  progress  has  been  made  in  reducing  the  Johnson  noise  contribution  to  the  output  volt¬ 
age  noise,  the  low  frequency  component  has  not  been  similarly  reduced.  Characterizing  the  source  of  this 
noise  remains  one  of  the  outstanding  problems  in  the  development  of  the  dc  SQUID. 

The  ideas  summarized  in  this  section  will  be  expanded  upon  in  the  rest  of  this  paper.  A  lunped  circuit 
element  model  for  the  device  is  developed  iri  Section  III.  Low  frequency  noise  is  discussed  in  Section 
IV.  An  analysis  of  the  resolution  of  the  dc  SQUID  magnetometer  is  presented  in  Section  V.  Finally,  fab¬ 
rication  techniques  and  device  operation  are  discussed  in  Section  VI. 

3.  A  LLMPCD  CIRCUIT  ELEMENT  MODEL  FOR  THE  DC  SQUID 

The  behavior  of  ordinary  circuit  elements  can  be  adequately  described  by  a  set  of  classical  variables, 
such  as  current,  voltage,  magnetic  flux,  etc.  However,  to  adequately  describe  superconducting  circuit 
elements,  a  new  parameter  must  be  introduced.  This  parameter  is  the  quantun  mechanical  phase,  A.  In  a 
superconducting  material,  the  motions  of  a  substantial  fraction  of  the  conduction  electrons  becomes  cor¬ 
related  at  low  temperatures.  As  a  result,  quantum  mechanical  interference  effects  become  observable  on 
a  macroscopic  scale.  In  order  to  describe  these  interference  effects,  a  complex  macroscopic  wave  function 
Qi  =  A  exp  (id)  is  assigned  to  the  superconducting  electrons.  The  phase  of  the  wave  function  is  the  addi¬ 
tional  parameter  needed  to  describe  the  superconducting  circuit  elanents.  Althuuyh  the  absolute  value 
of  the  phase  is  not  observable,  the  phase  difference  across  a  superconducting  circuit  element  is  observable. 
Two  examples  are  given  below. 

3.1  The  Oosephson  Tunnel  Junction 

In  thu  Josephson  tunnel  junction  (Josephsun,  11. 0.,  1962),  two  pieces  of  superconductor  arc  separated  by 
an  insulating  barrier  (Fig.  2a).  Current  can  flow  in  the  superconducting  material  with  no  loss.  However, 
the  maximum  lossless  current  that  can  flow  through  the  junction,  I j ,  is  a  function  of  the  phase  drop  A6 
across  the  junction. 


lj  =  X0  sin  M. 


(1) 


The  critHal  current  I  is  a  function  of  the  junction  size,  materials  and  temperature.  If  the  current 
through  the  junction  exceeds  the  critical  current,  the  excess  flows  through  the  normal  resistance  R  and 
self  capacitance  C  (see  Fig.  2).  In  this  case,  the  phase  drop  oscillates  in  time,  with  frequency  propor¬ 
tional  to  tlie  voltage  drop,  V,  across  the  normal  elements 


.  %  d 
"  2n  at 


(2) 


3.2  Flux  Quantization  in  a  Superconducting  Loop 


In  a  loop  made  of  normal  metal,  variations  in  the  flux  threading  the  loop  generate  a  voltage  drop  around 
the  loop.  Ill  a  superconducting  loop,  there  is  no  loss  in  the  ring.  Thus,  persistent  currents  are  generated 
around  the  ring  which  perfectly  screen  the  changes  in  applied  flux.  The  phase  drop  around  the  loop  is 
proportional  to  the  total  flux  (applied  flux  +  screening  flux)  through  the  ring,  Aii/2n  =  i’y/l'j,.  Since 
the  wave  function  must  be  single  valued,  a.s  »  2nn  (n  =  0,  '  1,  1  2,  ,..).  thus  the  total  flux  through 
the  ring  is  quantized,  ^  =  n4>  . 


In  the  dc  SQUID,  the  superconducting  ring  is  interrupted  by  two  Josephson  junctions.  In  this  case. 

Ad  =  Adj  -  AtSy  +  2 n n ,  where  Adj  and  Ai'a  are  the  phase  drops  across  the  junctions.  Thus  for  screening  cur¬ 
rent  J  and  loop  inductance  L, 


A«S  ^  -  Adp 


LJ  <  -  n*0 


■I' 

o 


O) 


Note  that  the  derivative  of  Eqn  (3)  is  Faraday's  law  of  induction. 


3.3  The  DC  SQUID 


The  lumped  circuit  element  model  for  the  dc  SQUID  is  shown  in  Fig.  1  (Teschc,  C.D.,  ....  1977).  The  dc 
SQUID  consists  of  two  Josephson  junctions  in  a  superconducting  loup  of  inductance  L.  The  junction  critical 
current  is  I0,  and  self  capacitance  is  C.  The  normal  shunt  resistance  is  R.  If  the  external  flux  applied 
to  t he  SQUID  is  n>I>u,  no  screening  currents  are  generated  around  the  loop.  The  dc  bias  current  I  can  be 
increased  Lo  2I0  before  a  voltage  drop  9  begins  to  appear  acruss  the  junctions.  If  the  applied  flux  is 
increased,  however,  a  screening  current  is  generated  around  the  loop  (Eqn.  3).  As  a  result,  the  lossless 
components  lj  are  reduced  (Eqn.  1).  At  bias  current  2I0,  the  voltage  across  the  junctions  oscillates  non- 

sinusoidally  at  frequency  mj  -  2iiy/l>0  (Eqn.  2).  The  time  averaged  voltage  9  ■  I0R  £  pV.  This  corresponds 

to  a  frequency  mj  HP  rad  sec  In  practice,  this  places  an  upper  limit  on  the  signal  frequency^ 

"’s  ■’  '"J- 

A  major  source  of  noise  is  the  Johnson  noise  generated  in  the  shunts.  The  voltage  noise  generated  across 
the  output  can  be  estimated  by  removing  the  Josephson  junctions  from  the  circuit.  The  voltage  power  spectral 
density  Sv  for  a  device  at  temperature  T  is  then  white  at  frequencies  m  «  w,,  with  S  =  4kRT  (R/2).  (The 

inductance  I.  is  usually  chosen  such  that  2L10  dr.)  The  variance  in  the  voltage  AVZ  in  a  band  width  B 

is  AV?  Syli.  A  numerical  simulation  of  the  dc  SQUID  circuit  indicates  that  the  actual  voltage  noise  is 
increased  by  a  factor  yv  %  10,  where  y  depends  on  the  circuit  parameter,  (Tesche,  C. D . , . . . ,1977) . 
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The  circulating  current  noise  is  estimated  in  the  same  fashion  (Tesche,  C.D . ,1979).  At  frequencies 

in  «  ioj,  Sj  =  Yj2kgT/R,  where  yj  depends  on  the  device  parameters.  A  typical  value  is  yj  o,  10.  if  the 
junctions  are  removed,  the  current  and  voltage  noises  are  uncorrelated.  However,  the  nonlinearities  in 
the  junctions  introduce  substantial  correlation  near  the  optimal  bias  point. 

In  most  applications,  the  current  noise  is  unimportant.  In  that  case,  the  voltage  noise  can  be  expressed 
as  an  equivalent  flux  noise  through  the  loop,  S*  =  Sv /(DP/D4’a)2  -  Yv2koT  L/R.  For  a  device  operated  at 
4K,  with  L  ~  InH,  K  ~  i S2,  «  10"5  it0Hz-l  =  2  x  10-'o  Wb  Hz-1.  Devices  have  been  fabricated  with  Sj,  as 

low  as  10"'  4>0Hz  . 


gure  of  merit  related  to  the  flux  sensitivity  is  the  energy  factor  referred  to  the  SQUID  loop 
S(-  =  S<t>/2L.  The  energy  factor  can  be  expressed  as  a  function  of  the  geometric  factors,  L 
emperature  T  under  the  following  conditions.  First,  tl 
numerical  simulation  indicates  that  this  is  the  optimal  choice  under  most  circumstances  (Tesche, 
1977).  Second,  in  order  to  eliminate  hysteresis  in  the  I-V  characteristics,  the  junction  hys- 


A  useful  fi 
inductance, 

and  C,  and  temperature  T  under  the  following  conditions.  First,  the- screening  factor  (1  =  2LIn /<tn  =  1. 
A  detailed 
C.D. ..... 

teresis  parameter  Bc  =  (2irIJl/<J>0) (RC)  ^  1.  (Note  that  2«I0R/4>U  is  a  characteristic  frequency  for  the 

junction. )  ' . ‘  . . 

limited  by 


(Stewart,  W.C.,  1968,  McCumber,  C.E. ,  1968). 
the  thermal  noise  in  the  shunt  resistance  is 


For  B  -  1,  Bc  =  1,  the  energy  factor  for  a  device 


SF  =  yE  kBT  (LC)5, 


(4) 


where  y^  is  a  function  of  the  device  parameters  (yE  ~  10  is  a  typical  value). 

In  the  limit  wj  ~  (LC)^  »  kgT/h,  the  thermal  component  of  the  Johnson  noise  is  no  longer  the  dominant 
noise  source.  1  In  this  case,  quantum  fluctuation  effects  appear  to  limit  the  energy  factor  to  ~  h  =  10"J4 
JHz"*  ((Tesche,  C.D.  ,  ....  1 977 ) ( Koch ,  R. H. ,. . .  ,1981).  There  appears  to  be  no  fundamental  limit  to  the  flux 
noise,  however. 

4.  LOW  FREQUENCY  NOISE 

Low  frequency  noise  with  a  voltage  power  spectral  density  Sr  u  1/f  has  been  observed  both  in  single  current 

biased  Josephsun  junctions  (Clarke.  J . .  1976)  and  in  the  dc  SQUID  (Clarke,  J. ,. . . ,1979) .  This  noise 

source  dominates  the  thermal  noise  for  a  dc  SQUID  with  moderate  energy  resolution,  Sr  -  2.4  x  10-31  jhz'1 
at  frequencies  f  y,  10"2  Hz  (Clarke,  J,  1976).  In  high  resolution  SQUIDs  (SE  £  10" 35  JHz"1),  1/f  noise 
dominates  at  frequencies  f  £  10-100  KHz  (Ketchen,  M.B . 1980). 

The  source  of  the  1/f  noise  in  the  dc  SQUID  is  not  well  understood.  However,  there  is  some  evidence 

to  suggest  that  the  noise  is  generated  by  thermal  fluctuations  within  the  junction  (Clarke,  J . 1976) 

(Ketchen,  M.  B,. .. ,1980) (Voss ,  R. F. ,. . . ,1976) .  Since  the  junction  critical  currents  arc  functions  of 
the  temperature,  thermal  fluctuations  produce  low  frequency  variations  in  the  output  voltage.  For  a 
junction  with  heat  capacity  Cv  in  contact  with  a  heat  reservoir  at  temperature  T,  the  mean  square  fluctua¬ 
tion  in  the  junction  temperature  is  (AT)2  =  kBT2/Cv.  The  resultant  fluctuation  in  the  junction  critical 
current  is  (AI0 ) ^  =  (al(,/ilT)2AT2.  The  independent  fluctuations  in  the  critical  currents  of  the  two  SQUID 
junctions  generate  a  fluctuation  in  the  output  voltage  (A?)  -  R2  J2,  where  Rp  -  R  (Tesche,  C.D. ,  1981). 

The  spectral  density  of  the  temperature  fluctuations  appears  tovary  as  1/f  over  the  frequencies  of  inter¬ 
est  Experimental  results  appear  to  agree  with  a  spectral  density  for  the  temperature  fluctuations  of 
Sf  “  knT2/2irCyf  (Ketchen,  M.B.,...,  1980).  Tim  junction  heat  capacity  and  self  capacitance  both  scale 
with  tne  junction  area.  Thus,  the  low  frequency  SQUID  energy  resolution  determined  by  tin’  1/f  noise 
sources  is 


SF  =  KT2/Cf  (5) 

where  K  depends  or.  the  device  and  j  unci  ion  parameters.  The  practical  implication  of  this  expression 
is  the  following.  If  the  high  frequency  energy  resolution,  Sp  a  C* ,  is  improved  by  reducing  the  junction 
capacitance  C,  the  energy  resolution  at  low  frequencies  will  deteriorate  like  Sg  n  1/C.  This  places 
a  practical  limit  on  the  junction  capacitance. 

5.  RESOLUTION  OF  THE  UC  SQUID  MAGNETOMETER 

The  dc  SQUID  may  be  coupled  inductively  to  either  a  superconducting  or  normal  pick-up  coit  as  illustrated 
in  Fig.  B.  Thp  magnetic  field  resolution  in  this  configuration  is  a  function  of  both  the  pick-up  loop 
geometry  and  the  dc  SQUID  energy  factor  (Clarke,  J. ,. . . ,19/9).  Although  the  analysis  of  the  superconduct¬ 
ing  and  normal  input  circuit  magnetometers  is  quite  different,  the  basic  results  are  similar  (Tesche, 

C.D.  ,  1978),  We  shall  focus  on  the  normal  case  only. 


For  a  pick-up  coil  of  cross  sectional  area  A  in  a  perpendicular  magnetic  field  of  nns  amplitude  B  and 
frequency  m,  the  effective  signal  energy  in  the  pick-up  coil  is  u  ~  \V  A3/2/2f.p  where  f.  s  1,  The  ef¬ 
fective  energy  resolution  referred  to  the  pick-up  coil,  St,  depends  on  the  SQUID  loop  energy  factor  S[  , 
the  coupling  efficiency  u2  M2/LLi ,  and  the  noise  flux  generated  in  the  input  circuit  S,  =  M2Sj.  The 
optimal  choice  of  input  coil  inductance  is  Lj  =  yvLp ,  where  r(.  is  a  parameter  of  order  unity.  The  opti¬ 
mized  energy  resolution  in  that  case  is  S-  S,/.<r .  thus,  the  minimum  detectable  signal  energy  (unity 
s ignal- to-no ise)  is  a  bandwidth  U  is  u  =  SpB/i(°.  This  corresponds  to  a  mean  squared  magnetic  Field  of 


R2  -  ll/'i'  A 


3/2 


(6) 


where  y(  is  a  function  of  the  correlation  between  the  current  and  voltage  noise  in  the  SQUID  ( a.  1). 

1  he  practical  implications  of  Lqn.  6  are  the  following.  Tirst,  although  there  appears  to  be  a  fundamental 
limit  to  the  energy  resolution  (with  correlation  factor)  of  the  dc  SQUID,  there  is  no  fundamental  limit 
to  the  magnetic  field  resolution.  The  practical  limit  is  the  following.  The  energy  resolution  lj 
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(the  capacitance  is  limited  by  the  1/f  noise).  Hov:ever,  it  is  difficult  to  couple  a  large  input  coil 
efficiently  (a2  1)  to  a  small  SQUID  loop  inductance.  Since  Lp  ,  the  pick-up  'nil  inductance  is 

limited  by  the  size  of  the  SQUID  loop.  This  in  turn  limits  the  pick-up  area  A.  Several  ingenious  geo¬ 
metries  have  been  suggested  to  maximize  the  factor  L*/a2A  (Jaycox,  J.M. , . . . ,1980) (Cromar, M. W. ,  to  be  pub¬ 
lished).  A  magnetic  field  resolution  for  a  quantum  noise  limited  SQUID  coupled  with  a-  0,5  to  a  solenoidal 
pick-up  coil  of  radius  0.05m  and  length  0.2m  of  B  2  x  10_I°  THz-1  appears  achievable. 

6.  b ABR I  CAT  ION  AND  DEVICE  OPERATION 

The  dc  SQUID  developed  by  Clarke,  Goubau  and  Ketchen  in  1976  consists  of  a  thin  film  device  evaporated 
onto  a  cylindrical  3  nun  diameter  quartz  tube  (Clarke,  J.  ,  1976).  The  junctions  are  Nb-NbOx-Pb  tunnel  junc¬ 
tions  fabricated  using  shadow  mask  techniques.  The  loop  inductance  L  ~  InH,  the  junction  capacitance  C 
400  pF,  and  the  junction  area  A  n,  10^  pm2.  The  input  coil  is  wound  directly  o,  the  cylindrical  tube. 

The  flux  noise  spectral  density  in  a  flux-locked  loop  is  a.  3  x  10*5  ko  Hz"*  in  the  white  noise  region. 

The  1/f  noise  sources  in  the  SQUIB  and  associated  electronics  dominate  at  frequencies  f  £  2  x  10-2  Hz. 

Most  of  the  high  resolution  dc  SQUIDs  which  have  been  developed  in  the  past  three  years  have  been  fabricat¬ 
ed  out  of  thin  film  materials  deposited  on  planar  substrates  (Jaycox,  J.M . 1980) (Cromar,  M.W,  to  be 

published)  (Voss,  R.B . ,1980)  (Ketchen,  M.8 . ,1979)(Hu,  E.L . ,1979)  (Greiner,  J.H . ,1980) 

(Laibowitz,  R.B . ,1979).  Josephson  junctions  have  been  fabricated  from  Nb,  Pb-ln  alloys,  and  the  IBM 

Pb- alloy.  These  junctions  are  designed  for  use  at  liquid  He  temperatures  and  below  (T  £  4.2K).  The  junc¬ 
tions  have  been  patterned  using  shadow  masks  for  junction  areas  A  ^  102  pm2  and  electron  beam  lithography 
for  junction  areas  A  lpin2.  The  SQUID  loop  area  varies  from  a  fraction  of  a  pm2  to  several  pin.  The  coupl¬ 
ing  and  pick-up  coils  are  usually  patterned  on  the  same  substrate. 

The  dc  SQUID  and  input  coil  are  mounted  inside  a  superinsul ated  liquid  Heliun  dewar.  The  dewar  is  care¬ 
fully  screened  to  reduce  high  frequency  electromagnetic  transients  which  might  cause  the  device  to  juup 
lock.  The  dewars  are  lightweight  and  rugged,  and  may  be  operated  in  the  field  as  long  as  one  month  with¬ 
out  refill.  Moderately  sensitive  devices  have  been  used  successfully  in  the  field  for  over  6  years.  (For 
a  detailed  description  of  this  device,  see  (Clarke,  J.  ,. . . ,1979) , 

CONCLUSION 

SQUIDs  (Superconducting  Quantum  Interference  Devices)  are  sensitive  detectors  of  changes  in  magnetic  flux. 
These  devices  show  great  promise  as  extremely  sensitive  detectors. 

The  sensitivity  of  the  SQUID  to  changes  in  magnetic  flux  is  limited  by  the  intrinsic  device  noise  souices. 
The  dominant  noise  source  for  the  present  generation  of  devices  at  frequencies  a.  10-1U0  KHz  is  the  Johnson 
noise  associated  with  the  resistive  Josephson  junctions.  Below  'v  10-100  KHz,  1/f  noise  is  observed,  I lu; 
ultimate  source  of  this  noise  is  not  well  understood.  The  intrinsic  sensor  noise  is  characterized  by  an 
equivalent  flux  noise  spectral  density  S4,  through  the  SQUID  loop.  A  useful  figure  of  merit  is  the  energy 
factor  S|r  =  S*/2L,  where  L  is  the  loop  inductance.  Energy  factors  in  the  white  noise  region  of  Sr  ■».  lO"-^ 
J/llz  a-  R  are  anticipated.  Magnetic  field  resolution  is  limited  by  the  size  of  the  pick-up  coil  tliat  can  bn 
efficiently  matched  to  the  SQUID  loop.  The  optimal  SQUID  loop  inductance  is  usually  between  lOpH  and  InH. 
For  a  solenoid  pick-up  coil  of  length  0.2  in  by  radius  0.05  in,  this  would  correspond  to  a  mis  magnetic  field 
resolution  in  a  1  liz  bandwith  above  the  1/f  region  of  1  =  2*  1 0~ T Of .  Reduction  of  the  effects  of  the 
low  frequency  noise  sources  ancfTiprovenients  in  thin  film  coupling  schemes  arc  expected  to  result  in  similar 
resolution  even  at  frequencies  well  below  a  KHz.  Clearly,  this  development  would  have  an  impact  on 
communication  systems. 
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FIGURES 


Fig.  1.  DC  SQUID  with  loop  inductance  L  biased  at  dc  rurrent  1.  The  voltage 
V  across  the  Josephson  junctions  is  a  function  of  the  flux  applied 
to  the  loop. 


Fig.  2(a).  Josephson  tunnel  junction  consisting  of  a  superconducter- 
insulator-superconductor  (SIS)  sandwich,  (b)  RSJ  lumped 
circuit  element  model. 


D7-1 


DISCUSSION  EPP  FALL  1981  MEETING 
MEDIUM,  LONG,  AND  VERY  LONG  kWVE  PROPAGATION 
(AT  FREQUENCIES  LESS  THAN  3000  KHZ) 


SESSION  7 

PAPER  :  36.  ONEGA 
AUTHOR  :  E.  R,  Swanson 
QUESTIONER  :  F.  J.  Kelly 

QUESTION  !  Are  the  coverage  diagrams  prepared  on  a  universal  time  basis,  for  each  season  and  as 
a  Function  of  Omega  frequency? 

RESPQNSF  •  No,  there  is  a  set  done  for  various  seasons  and  hours  of  the  day,  and  according  to 
blocks  of  noise  modelling,  among  other  things.  Properly  done  this  is  an  extremely  complex  tasl 
arid  the  user  is  inundated  with  complexity.  I  am  also  loolling  at  other  ways  which  may  be  more 
comprehensible  if  not  better.  There  is  also  work  to  be  done  at  13.6  KHz,  to  date  all  work  is  at 
10.2  KHz  only.  This  is  a  very  formidable  problem  it  uses  full  wave  analysis  extensively. 

PAPER  :  37.  THE  EFFECTS  OF  PROPAGATION  ON  THE  ACCURACIES  OF  POSITIONS  DETERMINED  USING  OMEGA  IN 
THE  UK 

AUTHOR  :  T.  B.  Jones 
QUESTIONER  :  E.  R.  Swanson 

QUESTION  :  1.  Which  prediction  coefficients  were  used?  Did  they  employ  the  1971  coefficients  as 
were  used  tor  many  years,  the  new  1983  coefficients  or  something  else? 

2.  Your  Farnborough  for  the  North  Dakota  transmission  data  seemed  to  be  scattered 
markedly  mare  than  some  of  the  other  data.  Does  Farnborough  have  abnormally  high  local  noise? 

3.  You  referred  to  prediction  errors  during  disturbed  conditions.  I  am  sure  there 
would  be  interest  in  improving  predictions  during  these  periods.  However,  one  must  first 
predict  the  disturbance,  and  its  duration  and  magnitude  in  advance,  to  allow  for  production  and 
distribution  of  correction  tables. 

RESPONSE  :  1.  It  was  the  interim  coefficients  before  the  1980  coefficients  became  available. 

2.  No,  if  you  look  at  the  Leicester  data  it  too  has  scatter.  This  I  believe  is  due 
to  the  path  being  tangential  to  the  auroral  zone  which  results  in  additional  scatter  due  to 
fluctuations  in  received  phase  associated  with  sub-storm  activity. 

3.  I  think  the  only  way  to  deal  with  disturbed  conditions  is  to  have  some  form  of 
real  time  monitoring  to  ascertain  the  magnitude  of  the  event.  From  this  information  it  might  be 
possible  to  issue  a  correction  for  other  paths.  The  nroblem  of  getting  the  information  to  the 
user  is  a  formidable  one,  but  one  can  env  a  scheme  something  along  the  lines  of  the 
differential  Omega  system. 

PAPER  :  41.  NEW  TECHN0L0GY  FOR  ELF  RADIA10RS;  A  REVIEW  OF  AIRBORNE,  R0CKET-80RNE  AND 
SPACE  BORNE  ELF  ANTENNAS 
AUTHOR  :  M.  0.  Grossi 
QUESTIONER  1  J.  Aarons 

QUESTION  i  What  would  be  the  environmental  impact  on  the  propagation  of  other  RF  signals  of 
this  very  long  wire  reflector  coming  around  every  90  minutes. 

RESPONSE  :  The  wire  is  like  a  very  long  meteor  trail,  it  will  create  an  echo,  but  the  footprint 
is  not  very  large.  It  is  a  very  thin  wire.  I  hope  that  will  not  be  an  abjection. 

PAPER  !  HI.  NEW  TECHNOLOGY  FOR  ELF  RADIATORS:  A  REVIEW  OF  AIRBORNE,  ROCKET-BORNE  AND 
SPACE  -  HORNE  ELF  ANTENNAS 
AUTHOR  :  M.  D.  Grossi 
QUESTIONER  :  J.  S.  Belrose 

QUESTION  :  1.  Will  the  wire  be  rewound  on  the  conclusion  of  the  experiments^ 

2.  What  happens  during  magnetic  storms?  Satellite  charging  has  been  an  important 
problem  for  ordinary  satellites. 

RESPONSE  :  1.  Yes  (Retrieval  time:  2  hours  to  12  hours).  It  will  be  reused  next  mission,  etc. 

2.  No,  but  we  have  considered  wire  motion  fro,,  sudden  perturbations, 
uch  as  m'ght  be  caused  by  air  density  fluctuations,  and  ways  to  stabilize  the  wire  if  set  in 
motion  t  1  ec tro-mechan i cal  methods  (plasma  injection).  This  technique  could  also  take  ‘are  of 
any  di., unity  encountered  with  the  variable  VxB  force....  a  magnetic  storm  is  perhaps  a 
perturbation  on  this  force  (300  k's  compared  with  the  73,000  T's  of  the  main  field). 

PAPER  :  HI.  HEW  TECHNOLOGY  FOR  ELF  RADIATTRS:  A  REVIEW  OF  AIRBORNE,  ROCKET-BORNE  AND 
SPACL-BORNE  ELF  ANTENNAS 
AUTHOR  :  M.  D.  Grossi 

QUESTIONER  :  J.  B.  Reagan 

QUESTION  :  What  effects  will  your  high  power  levels  at  ELF  in  the  shuttle-borne  system  have  on 
the  particle  population  of  the  magnetosphere?  A  large  portion  of  the  radiation  belt  electrons 
resonate  with  ELF  waves.  At  continued  operation  you  could  precipitate  a  significant  fraction 
of  the  electrons  trapped  in  the  radiation  belts,  and  create  artificial  aurora  and  interference 
to  communi cat  ions  over  a  wide  frequency  range? 

RESPONSE  :  Dr.  Schmerling  was  10  years  ago  interested  mainly  in  this  aspect,  and  he  is 
currently  considering  including  an  experiment  in  WISP  experiments  to  be  carried  out  in  the 
space  shuttle.  Perhaps  he  could  comment. 

PAPER  :  41.  NEW  TECHNOLOGY  FOR  ELF  RADIATORS:  A  REVIEW  OF  AIRBORNE,  ROCKET-BORNE  AND 

SPACE -BORNE  ELF  ANTENNAS 
AUTHOR  :  M.  D.  Grossi 

COMMENTER  :  E.  R.  Schmerling 

COFMENT  :  The  early  philosophy  that  we  had  was  that  if  we  could  put  in  orbit  a  long  antenna 
with  a  local  transmitter  providing  a  radiating  field,  we  could  increase  by  at  least  30  dll  the 
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the  EH  field  causing  wave-particle  interactions,  compared  with  that  presently  available  in  the 
Siple  transmitter.  We've  not  really  looked  at  the  el ec trodynami c  stability  problem,  e.  9.  how 
much  power  must  be  put  into  the  accelerator  to  get  electrons  out  of  the  system?  The  other 
point  is,  where  do  these  electrons  come  from9  In  a  sense  they  have  to  be  ”„ucked"  out  of  the 
ionosphere,  and  this  provides  a  further  limitation  on  the  current.  How  many  electrons  can  you 
draw  from  the  ionosphere,  push  through  the  wire  and  emit  at  the  other  end  of  the  accel 1  era  tor ? 
We  have  been  interested  in  three  aspects:  1)  The  point  of  view  that  Dr.  Grossi  had  that  the 
very  long  wire  would  interact  with  the  UxB,  could  be  modulated,  producing  magneto-hydrodynamic 
waves  and  micropul  sat  ions i  2)  concerning  the  length  of  wire,  even  1-2  km  would  be  much  longer 
than  we've  ever  had  before;  and  3)  a  long  wire  could  be  a  means  of  dangling  an  instrumented 
package  downwards,  beneath  the  shuttle,  at  low  altitudes,  in  the  neighbourhood  of  100  km. 

PAPER  :  42,  SQUID  SCIENCE  AND  TECHNOLOGY  AND  ITS  COMING  IMPACT  DM  ULF/ElF  COtiiUN  I  CAT  T  ON  SYSTEMS 
AUTHOR  :  C.  D.  Tesche 
QUESTIONER  :  L.  Brock-Nannestad 

QUES . .  -If  :  How  do  you  test  devices  with  such  high  sensitivity?  It  would  seem  impossible  to  find 
a  place  quiet  enough  on  earth  to  test  the  resolution  you  have  been  demonstrating. 

RESPONSE  :  One  exploit,  one  of  the  properties  of  superconducting  materials.  If  you  have  a  ring, 
the  screening  currents  around  the  ring  rre  perfect  and  can  completely  exclude  any  change  of 
flux  through  the  loop.  It  is  the  iniser  effect.  What  one  does  is  makes  a  superconducting  cavity 
and  places  the  device  inside  the  ring.  The  screening  is  almost  perfect  and  the  field  changes 
inside  that  cavity  are  very,  very  small,  in  fact  most  of  these  devices  are  operated  inside 
superconducting  shields. 

CUMMENTER  i  M.  D.  Grossi 

As  Dr.  Tesche  has  said,  most  of  these  devices  are  used  in  a  field  derivative  or  secondary 
derivative  mode.  Two  devices  are  used,  which  are  say  10  cm  apart,  and  now  the  noise  is  in  the 
gradient  mode,  i.  e.  it  can  be  cancelled  to  a  high  degree  because  it  is  correlated  in  the  two 
1  oops . 

C0M1FNTER  :  L.  Brock-Nannestad 

I  was  thinking  that  the  SQUID  devices  would  be  operated  in  the  differential  or  gradient  mode, 
however  the  signal  itself,  at  ELP,  is  also  fairly  effectively  cancelled.  At  ELF,  which  is 
useful  for  communications  to  submarines  beneath  the  surface  of  the  sea,  the  gradient  is  very 
small  because  of  the  wavelength. 

COM-IENTER  i  M.  D.  Grossi 

The  applications  that  I  know  of  by  the  Military  have  always  employed  the  SQUID  device  in  the 
gradient  mode....  never  as  a  total  field  device.  You  are  right,  the  signal  itself  is  also 
cancelled  as  well  as  the  noise.  However,  fortunately  the  noise  is  cancelled  more  effectively 
than  the  signal.  Since  the  noise  frequently  originates  from  nearby  sources,  its  gradient  is 
less  than  that  for  the  signal.  That  is  the  noise  is  better  correlated  in  the  two  loops,  and  so 
is  better  cancel  led. 

COMMENTER  :  C.  D.  Tesche 

I  should  say  that  if  one  tries  to  get  rid  of  the  correlated  noise  from  nearby  sources,  one  uses 
two  SQUID  devices,  separated  by  distances  that  =  re  lai'-r  compared  with  the  distance  to  nearby 
noise  sources.  And  then  one  car  wr  a  re -eve nee  kind  of  procedure,  and  that  is  a  very 

useful  and  very  important  idea  when  using  SQUID  devices,  as  for  example  in  magneto-tel 1 ur ics , 
or  any  operational  system  in  ,he  field,  where  there  are  moving  metal  objects. 

PAPER  :  42.  SQUID  SCIENCE  AND  TECHNOLOGY  AND  ITS  COMING  IMPACT  ON  ULF/ELF  COfMUNlCATION  SYSTEMS 
AUTHOR  :  C.  D.  Tesche 
QUESTIONER  :  T.  J.  Beahn 

QUESTION  :  We  used  RF  SQUIDS  some  years  ago  and  finally  discontinued  their  use  (in  spite  of  the 
fact  that  they  performed  very  well)  because  of  the  logistics  of  helium  support  and  supply.  I 
would  suggest  that  continued  work  on  DeWars,  refrigeration,  etc.  is  indeed  as  important  as  you 
have  suggested  in  your  talk. 

RESPONSE  i  The  problem  is  recognized  and  considerable  effort  is  being  exerted  in  the 
development  of  cryocoolers. 

PAPER  :  42.  SQUID  SCIENCE  AND  TECHNOLOGY  AND  ITS  COMING  IMPACT  ON  ULF/ELF  COmUNICATICN  SYSTEMS 
AUTHOR  :  C.  D.  Tesche 

QUESTIONER  :  E.  R.  Schmerling 

QUF.STICN  :  Is  there  any  hope  of  using  superconductors  that  have  higher  critical  temperatures, 
which  could  therefore  avoid  the  requirement  for  liquid  helium. 

RESPONSE  :  There  ,s  always  hope.  The  highest  T  is  up  in  the  20's  now.  The  critical  points  to 
look  at  are  nitrogen  at  70.  Liquid  hydrogen  in  the  20's,  helium  at  4.2.  If  you  can  get  a  good 
cryo-cooler  operating  in  the  10-15  degree  range  and  use  some  of  these  high  Tc  materials  there 
are  possi bi 1 i t i es . 
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Participants  at  Round  Table:  J.S.  Belrose  (Chairman) 

B.  Burgess 
J.B.  Reagan 
G.  Lange-Hesse 
J.  Fonteyne 
T.B.  Jones 


In  his  opening  remarks  J.S.  Belrose  emphasized  that  the  reason  for  having  the  sessio.,  chairmen 
around  the  table  was  to  stimulate  discussion  from  the  floor,  not  to  carry  out  a  discourse  between  the 
participants  at  the  round  table.  He  noted  that  he  had  asked  each  one  of  his  colleagues  to  make  a  few 
comments  about  the  session  that  they  had  chaired,  with  particular  emphasis  on:  (1)  what  they  thought 
was  new;  (2)  what  research  studies  needed  to  be  done;  and  (3)  what  the  direction  of  new  work  should  be. 

He  stressed,  however,  that  their  remarks  need  not  be  confined  strickly  to  the  session  that  they  had 
chaired,  because  there  was  an  over  lap  between  material  presented  in  the  various  sessions,  which  is  only 
natural  since  factors  that  influence  VLF  propagation,  for  example,  also  affect  the  frequency  bands  above 
and  below  the  frequency  range  under  consideration.  He  rioted  that  the  AGARD/EPP  was  specially  interested 
in  the  limitations  that  the  propagation  media  imposed  on  system  design  and  performance,  and  since  there 
would  be  no  round  table  discussion  following  the  applications  session,  contributors  to  this  session  were 
particularly  invited  to  contribute  to  the  present  discussions. 

B.  Burgess  summarized  the  papers  presented  in  the  session  on  the  Propagation  Medium.  He  noted 
that  the  authors  of  the  papers  presented  in  this  and  following  sessions,  together  with  participants  from 
the  various  Nations,  represented  a  majority  of  the  researchers  who  were  experts  in  the  western  world  in 
the  area,  and  so  the  symposium  provided  a  good  forum  for  these  researchers  to  get  together  to  exchange 
ideas  and  to  review  where  they  were  all  going.  He  noted  that  ELF  propagation  research  was  a  prime  driver 
for  a  lot  of  the  new  work  presented,  and  this  stemmed  largely  from  ISA  work  in  this  area,  and  on  tho 
systems  application  of  very-very  low  frequencies.  He  noted  that  W.L.  Imhoff’s  paper  on  precipitating 
energetic  particles  affecting  the  propagation  medium  clearly  revealed  the  localized  nature  of  energetic 
electron  events,  and  that  effects  on  long  path  propagation  could  be  observed;  but  he  felt  that  the  present 
state  of  our  knowledge  was  incomplete.  That  is  while  the  paper  provided  a  feel  for  effects  observed,  more 
work  was  needed  here.  In  particular  he  noted  that  while  solar  proton  events  (SPE)  are  more  wide  spread, 
and  in  that  sense  easier  to  interpret,  e.g.,  comparisons  between  calculation  and  observation,  that,  as 
J.B.  Reagan  had  indicated,  there  were  no  ELF  measurements  made  during  SPE's.  Concerning  the  C-layer 
Burgess  noted  that  the  possible  existence  of  such  a  layer  had  been  speculated  many  years  ago  (by  Bracewell 
and  Bain  in  1952),  and  yet  still  today  there  were  uncertainties  about  its  existence  as  a  separate  clearly 
defined  layer  below  the  D-layer.  He  noted  that  while  P.A.  Kossey's  paper  certainly  emphasized  the  role 
of  the  C-layer,  and  that,  like  the  D-iayer  there  were  substantial  variations  from  day-to-day,  and  with 
season;  noteably  the  "C-layer"  was  most  clearly  discernable  in  winter.  He  noted  that  the  latitude  variation 
was  not  at  all  clear,  more  data  were  needed.  And  that  while  there  were  some  indications  that  the  variations 
with  the  solar  cycle  were  in  the  way  originally  suggested,  in  that  the  layer  was  strongest  during  solar 
minimum  years,  this  also  was  not  entirely  clear.  Burgess  noted  that  while  the  C-layer  should  dominantly 
affect  ELF  and  VLF  propagation,  it  seemed  however,  that  long  path  LT  propagation  gave  the  best  background 
information  ori  it.  He  noted  that  while  J.  SchSfcr  and  II.  Volland  had  developed  a  very  useful  tool,  employing 
naturally  occuring  atmospherics,  to  study  VLF  propagation;  and  that  while  W.  Harth  had  tried  to  exp’.air  the 
medium  distance'  results  in  terms  of  multi-mode  propagation  employing  the  simple  Wait  exponential  type 
profile,  he  felt  that  more  work  was  needed  to  utilize  more  realistic  profiles  to  explain  these  data.  He 
noted  that  the  last  two  papers  were  concerned  with  wave-particle  interaction.  Of  particular  interest  was 
the  paper  by  P.  Stubbe  who  used  an  HF  heater  transmitter  to  in  effect  produce  a  large  ELF  antenna  in  the  sky. 

'I his  heater  facility  clearly  had  the  potential  to  reveal  exciting  new  results  on  the  polar  ionosphere,  and 
he  encouraged  the  researchers  to  continue  their  work. 

B.  Burgess  pointed  out  that  while  the  D-region  is  often  described  as  being  relatively  stable, 
compared  with  the  F-region  for  example,  it  is  in  fact  quite  a  variable  part  of  the  ionosphere,  and  one  can't 
really  employ  a  single  model  profile  to  explain  propagation  uata.  He  questioned  whether  we  have  in  fact 
progressed  ve’y  far  in  modelling  the  propagation  medium?  He  remarked  that  in  so  far  as  VLF  propagation 
is  concerned  we  haven't  a  good  nighttime  profile,  particularly  the  details  of  the  profile,  and  the  ion  and 
electron  distribution  at  the  lowest  heights.  While  physics  of  the  lower  ionosphere  was  not  a  main  theme 
for  the  symposi jm,  he  noted  that  J.B.  Reagan  had  shown  that  computer  modelling  has  given  results  which 
agreed  with  some  aspects  of  VLF/ELF  propagation.  The  chemistry  of  the  region  is  very  conplex,  however 
computer  cctes  now  exist,  and  Burgess  questioned  whether  we  need  to  know  anything  further  about  the  physics 
of  the  lower  ionosphere? 

J.B,  Reagan  summarized  the  session  on  ELF  Propagation,  commenting  on  various  aspects  of  the  work 
in  some  detail,  lie  pointed  out  the  various  areas  of  ELF  research  in  which  he  believed  that  more  work  was 
needed.  Concerning  propagation  theory  he  remarked  that  much  work  had  been  done  in  this  area,  by  Galejs, 
Pappert,  Morfitt,  Field,  Booker,  and  others;  and  in  particular  he  noted  that  approximations  had  been  developed 
by  the  Greifingers  which  provided  easily  calculatable  results.  He  felt  that  our  knowledge  about  propagation 
over  great  circle  paths  in  a  homogeneous  ionosphere  was  well  understood;  but  that  propagation  take  place  also 
over  non-grtvt  circle  paths;  and  he  felt  that,  concerning  our  knowledge  about  disturbance  effects,  due  to 
energetic  particle  precipitation,  sporadic  E,  electron  ledges,  trans-auroral  zone  propagation,  etc.  we  have 
only  a  limited  knowledge.  He  expressed  the  view  that  for  ELT  we  should  really  model  in  3  dimensions. 
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He  remarked  that  while  a  reasonable  data  base  exists  on  field  strength  and  phase,  and  radio  noise, 
and  that  while  propagation  models  have  been  developed  that  predict  these  field  strengths  under  ambient  and 
mildly  disturbed  conditions  with  reasonable  accuracy,  that  there  were  variations  'in  magnitude  several  dlls) 
that  occur  from  night- to-ni ght  and  during  a  night  that  are  not  totally  understood.  He  noted  that  while 
sporadic-E  had  been  suggested  as  having  a  major  influence  on  propagation,  that  there  were  no  observations 
to  confirm  this.  He  pointed  out  that  no  measurements  have  been  made  during  very  intense  particle  events. 

In  the  area  of  disturbance  modelling  Reagan  indicated  that  we  need  to  know  the  size  of  the 
disturbance,  its  location,  and  the  variability  and  altitude  profile  of  electron  and  ion  densities.  In 
particular  he  pointed  out  thn ■  since  electron  precipitation  events  were  very  variable  in  space  and  time, 
and  that  since  the  application  for  ELF  was  for  global  communications,  we  needed  to  know  what  is  going  on  on 
a  global  scale.  He  remarked  that  if  we  are  really  going  to  understand  disturbance  phenomena  we  must  have 
the  large  scale  picture  of  the  disturbance,  and  that  this  probably  can  only  be  got  by  observing  the  region  from 
above  using  satellites;  employing  in  particular  a  recently  developed  Bremsstrahl uny  x-ray  experimental 
technique . 


When  the  electrons  interact  with  the  atmosphere,  they  emit  Bremsstrahl ung  x-rays,  that  can  be 
detected  from  satellites.  These  can  be  sensed,  imaged  and  from  the  x-ray  spectrum  one  can  derive  the 
incident  electron  spectrum  that  caused  thp  x-rays,  and  in  this  way  we  get  a  global  view  of  electron 
precipitation;  which  in  the  future  has  to  be  worked  somehow  into  the  propagation  models. 

Another  area  that  affects  ELF  propagation  modelling  is  the  D-region  ion  chemistry,  and  Reagan 

noted  that  the  ion  chemistry  was  very  complex,  and  that  it  was  being  continuously  updated  as  improved 

reaction  rates  from  laboratory  work  became  available.  He  noted  that  more  work  was  needed  on  the  diurnal 

and  seasonal  variations  of  ion  chemistry,  and  particularly  the  ion  chemistry  in  polar  regions.  He 
expressed  the  view  that  what  is  needed  is  a  field  program,  to  establish  just  how  well  we  are  doing  in  our 
modelling,  and  in  particular  we  need  a  campaign  during  a  large  solar  particle  event,  to  test  both  the 
chemistry  and  the  propagation  codes. 

And  lastly,  Reagan  remarked  that  we  need  a  better  understanding  of  the  role  of  the  magnetosphere, 
its  influence  on  the  ionosphere,  and  in  turn  the  influence  of  the  ionosphere  on  the  magnetosphere.  He 
noted  that  clearly  there  was  a  coupling  between  the  two,  and  until  that  coupling  is  better  understood,  many 
of  the  phenomena  which  still  appear  as  unknowns,  will  remain  as  unknowns. 

G.  Lar.ge-Hesse  summarized  the  papers  in  the  VLF  Propagation  session.  He  commented  particularly 
on  practical  aspects  and  interest  in  VLF  radio  waves.  He  noted  that  whi1e  principle  use  of  this  band  was 
for  navigation  and  conmuni cations ,  because  of  the  large  skin  depth  in  the  earth's  surface,  VLF  has  also  been 
exploited  for  sub-surface  communications,  geological  prospecting  and  mine  rescue.  He  pointed  out  the 
practical  aspects  of  employing  transverse  el ectri c  modes  for  air-to-air  links,  between  terminals  at  20,000 
feet  or  more.  Air-to-air  transverse  electric  modes  propagate  better  than  transverse  magnetic  modes  over 
poorly  conducting  ground  such  as  exists  throughout  Greenland  and  Canada.  He  noted  that  the  disturbed 
environment  degraded  the  transverse  magnetic  mode  much  more  severely  on  paths  over  these  poorly  conducting 
areas  then  over  sea  water.  He  remarked  that  little  was  said  about  the  influence  of  the  disturbed  environment 
and  particularly  the  effects  on  the  transverse  electric  modes.  Concerning  practical  aspects  of  employing 
transverse  electric  modes  for  air-to-air  communi cations ,  Lange-Hesse  noted  that  this  polarization  should  be 
more  practical,  since  it  was  operationally  easier  for  high  speed  aircraft  to  trail  an  horizontal  long  wire 
antenna. 


Finally  he  drew  the  attention  uf  the  participants  to  the  good  experience  that  German  scientists 
have  developed  in  the  use  of  small  rockets  for  deploying  parachute  pay  loads  to  study  the  D-region  in  the 
altitude  range  35-75kin.  He  drew  attention  to  this  because  of  the  possibility  of  deploying  such  techniques 
to  study  the  disturbed  environment  in-situ. 

J.S.  Belrose  commented  on  the  papers  presented  in  the  LI-  Propagation  session.  He  said  that  he 
concurred  with  Dr.  Burgess's  concern  that  we  have  relatively  1  i ttle" information  on  the  C-layer.  lie 
addressed  particularly  the  need  for  measuring  ionospheric  reflection  coefficients  in  the  frequency  range 
(effective  frequencies)  20-lbUkHz,  sino  during  summer  daytime  the  reflection  coefficient  changes  by 
two  orders  of  magnitude.  He  commented  particularly  on  the  interesting  results  obtained  by  RADC,  and  lie 
commented  on  the  excellent  continuity  of  their  VLF/LF  sounding  programue  which  had  been  deployed  for  several 
years  at  middle  and  high  latitudes.  He  drew  attention  to,  however,  an  in  consistency  in  results  that  they 
had  obtained  in  the  USA,  compared  with  results  that  he  had  presented  in  his  lecture,  based  essentially  on 
European  data.  In  the  frequency  range  30-50kHz  Bel  rose  noted  that  the  ionospheric  reflection  coefficient 
data  that  he  presented  showed  that  tne  values  of  the  reflection  coefficient  decreased  by  a  factor  of  5 
on  a  summer  day,  whereas  the  VLf/l  f  sounder  results  showed  no  decrease  at  all. 

Concerning  the  difference  in  the  diurnal  phase  patterns  between  LF  propagation  in  Europe 
(cosinusoidal  patterns)  and  Canada  (trapezoidal  patterns),  Belrose  noted,  once  again,  J.B.  Reagan's  coimient 
that  a  continuous  drizzle  of  electrons  from  the  Van  Allen  belts  contributed  to  the  ionization  in  the 
undisturbed  D-region.  This  fact  probably  accounted  for  the  differences  observed,  since  the  effects  of  such 
a  drizzle  would  be  much  stronger  in  the  North  America  sector  compared  with  Europe  because  of  the  South 
Atlantic  anomaly. 

J.  Fonteyne  nous  a  expose:  Je  vous  reinercie  de  m'  avoir  pennis  de  presenter  ceci  en  frangais. 

Dans  la  session  que  j'ai  prdsidde  sur  la  bande  hectomgtrique  i  1  y  a  eu  quatre  exposes  et  ces  quatre  exposes 
nnt  ete  de  natutc  tntnlement  differente.  Tout  d' abord  M.  Knight  nous  a  fait  un  expose  trbs  general  sur 
l'etat  des  connai ssances  actuelles  3  la  fois  sur  la  propagation  de  l'onde  de  sol  et  sur  la  propagation  de 
l'onde  ionosphfrique  et  ceci  est  une  constatation  de  ce  que  nous  savons  et  3  mon  sens  ne  porte  pas  ni  3 
constations  ni  3  remarques,  d'ailleurs  il  n'y  en  a  pas  eu  juste  apreis  1 'expose.  Peut-St~e  aurait-on  pu 
parler  des  endroits  dans  lesquels  on  manque  de  dounC'es  ou  des  endroits  dans  lesquels  nous  avons  des  doutes 
sur  la  prevision  de  ia  propagation.  Ceci  m'amene  tout  de  suite  3  1'expose  de  M.  Ilagg  qui  est  justement 
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un  cas  ou  M.  Hagg  dans  son  expos?  a  present?  Tanoraalie  hivernale  et  les  affaibl  issements  done  dans  les 
latitudes  61ev?es  dQ  3  cette  anomalie  hivernale  et  aux  orages  magnetiques  et  ceci  qui  est  bien  connu  en 
bande  decametrique  est  peut-Stre  moins  connu  en  bande  hectomfitrique  (en  bande  decametrique  e'est  HF,  en 
bande  hectomStrique  e'est  MF).  On  se  rend  compte  tout  de  suite  que  le  problSme  est  complexe  et  si  on 
a  vraiment  besoin  d'Stablir  des  previsions  dans  ces  regions,  il  nous  faudra  faire  des  mesures  eomplfmentai  res , 
refaire  des  mesures  maintenant  pour  essayer  d'amdliorer  un  peu  nosprSvisions  dans  ces  zones-13.  Ensuite  en 
troisieme  nous  avons  eu  un  expos?  de  M.  Cutolo  qui  nous  a  pari?  des  phSnomSnes  de  demodulation  et  de 
distortion.  En  fait  tout  cela  e'est  quelque  chose  qui  je  crois,  aurait  merit?  un  peu  plus  de  details  et 
e'est  un  effet  trSs  general;  ce  sont  les  effets  de  la  non-1  ineari  te  dans  1'ionosphSre  dans  lequrl  intervient 
aussi  la  trans-modulation  et  peut-Stre  est-ce  dO  au  fait  que  je  suis  de  la  radiodiffusion  et  que  les 
probl5mes  de  trans-modulation  m' interessent  parti cul i&rement  dans  ce  domaine-13  et  je  crois  que  ?a  e'est 
quelque  chose  qui  merite  des  explications,  des  recherches  et  des  etudes  peut-§tre  un  peu  plus  poussfes  en 
particulier  dans  1'expose  de  M.  Cutolo, si  la  demodulation,  c'est-3-dire  la  diminution  du  taux  de  modulation 
do  i'Snetteur  et  la  distortion  de  la  modulation  de  l'&netteur  est  peut-§tre  expliqufie  d'une  manibre  assez 
simple  peut-Stre  un  peu  simpliste,  1 ' automodulation  est  un  phenomena  dont  l'explication  est  beaucoup  moins 
Svidente.  Enfin  nous  avons  eu  un  expos?  de  M.  Fer  sur  des  etudes  thfioriques  pour  1 'emplacement  d'un  centre 
de  reception  et  done  sur  la  propagation  de  l'onde  de  sol  dans  des  conditions  oti  i  1  y  a  des  discontinues 
de  conductivi te.  Je  crois,  que  cet  expose  a  ete  sui vi  d'une  discussion  d?j3  assez  int?ressante  et  assez 
intensive  et  l'on  a  pens?  aux  travaux  futurs  gu'il  conviendrait  de  faire, en  particulier  la  comparaison  avec 
des  rdsultats  de  mesures  effectives  et  puis  la  comparaison  avec  la  methode  de  Millington  qui  aussi  est  une 
m? th ode  trbs  souvent  bien  utilisable  pour  la  propagation  sur  les  di scontinuites  de  conducti vi te.  J'avais 
esp?r?  que  l'on  ait  un  peu  de  temps  pour  les  discussions  ou  les  commentaires  venant  de  1 'audience  et  dans 
mon  idee  ces  discussions  devaient  porter  essentiellement  sur  les  zones  dans  lesquelles  les  donnees  nous 
manquent  et  la  precision  de  nos  previsions  devrait  <?tre  am?lioree  et  deuxISmement  sur  les  effets  de  la 
non-1 inearite  de  1' ionosphere  et  tous  les  ddsagrements  sur  les  radioconmuni cations  que  peuvent  apporter 
ces  non-1 inbari t?s.  Je  crois,  que  ce  sont  les  deux  points  sur  lesquels  j'aurais  souhait?  un  peu  plus  de 
discussion  et  un  peu  plus  de  travail  important. 

T.B.  Jones  spoke  about  the  session  he  chaired  on  Numerical  Modelling  of  the  Propagation  Medium. 

He  remarked  that  most  of  what  he  had  intented  to  say  had  already  been  said,  and  that  he  agreed  entirely 
with  the  various  comments  made.  Jones  made  two  general  comments  at  the  outset.  He  noted  that  the  quality 
of  the  presentations  and  the  work  presented  was  excellent.  He  said  that  he  found  the  papers  Interesting 
and  well  presented,  and  lhai.  the  range  of  material  that  was  covered  was  he  felt  large  enough  to  have 
something  of  interest  for  everyone  participating  on  the  symposium.  He  said  that  he  was  surprised  to  learn 
that  there  was  still  ari  active  interest  in  VLF/ELF  propagation,  since  in  the  UK  present  support  for  such 
research  was  at  a  very  low  level,  and  that  there  was  a  danger  that  the  knowledge  that  we  have  in  this 
area  may  be  lost,  in  the  sense  that  we  are  not  training  new  graduate  students  in  the  area. 

Seferiny  to  D.G.  Morfitt's  paper,  Jones  pointed  out  that  he  was  Impressed  by  the  good  success  and 
usefulness  of  the  simple  exponential  model  to  predict  long  path  VLF/LF  field  strength.  He  noted  that  he 
and  his  colleagues,  W.C.  Bain  and  others,  had  been  so  concerned  with  developing  structured  0-regions  models, 
since  they  had  been  concerned  with  predicting  steep  as  well  as  oblique  incidence  propagation,  to  the  extent 
that  many  researchers  had  essentially  disregarded  the  simple  exponential  model;  which,  he  noted  could 
have  a  great  measure  of  success  in  predicting  long  path  field  strength. 

T.B.  Jones  also  coimented  in  the  opposite  vain  on  J.B.  Reagan's  paper.  He  noted  that  U-region 
chemistry  was  very  complicated,  in  fact  to  such  a  degree  that  very  large  computer  codes  were  required  to  cover 
all  the  various  reactions,  lie  noted  that  he  was  interested  to  see  the  success  that  had  apparently  been 
achieved  in  the  use  of  these  codes  to  predict  realistic  model  electron  and  ion  densities  under  quiet  and 
disturbed  conditions. 

Concerning  collision  frequencies,  Jones  noted  that  there  was  no  discussion  on  which  collision 
frequency  models  should  be  employed  for  numerical  calculation  by  Tull  wave  analysis  of  VLF/I  F  fields, 
which  was  a  topic  that  had  received  considerable  discussion  at  early  symposia,  (editors  note:  c.f.  Belrose 
and  Segal  1 1 974] ) . 

lie  concluded  his  discussion  in  the  same  way  he  began,  that  is,  he  expressed  the  view  that  he  would 
have  liked  to  have  left  the  meeting  with  a  better  idea  on  where  we  should  go  from  here,  since  he  felt  that 
while  we  have  much  expertise  in  the  area,  we  are  in  danger  of  lossing  it,  unless  we  have  a  well  defined  goal 
to  aim  for,  funding  support  to  carry  out  the  work,  so  that  graduate  students  can  be  encouraged  to  work  in 
this  area  of  research. 

The  chairman  then  opened  the  discussion  for  comment  from  the  floor.  H.J.  Albrecht  noted  that 
communication  began  at  VLF/LF,  some  60-70  years  ago,  and  that  AGARD  had  been  concerned  wi th  research  in  this 
area  for  20  years.  He  noted  that  researchers  had  been  developing  D-region  profiles,  and  that  discussions 
of  the  C-layer  had  gone  on  throughout  this  period.  He  too  raised  the  question  concerning  what  actually 
has  been  accomplished  during  the  past  20  years?  He  noted  that  our  knowledge  about  ground  conductivities 
was  still  inadequate.  He  also  pointed  out  that  while  h>gh  precision  was  desirable,  we  should  not  forget 
that  for  the  systems  engineer,  a  tolerance:  of  about  3dB  was  satisfactory,  in-so-far  as  predicting  field 
strength. 


G.  Tacconi  noted  that  the  propagation  was  very  variable,  and  he  pointed  out  the  need  to  characterize 
the  channel  in  terms  of  statistical  probability.  He  also  wondered  about  the  future  of  ULF  (30-300Hz) 
comnuni cations.  P.  Bannister  noted  that  a  new  programme  for  continuation  of  the  USN's  programme  Sanguine, 
code  named  the  Seafarer's  Program  had  been  proposed,  and  that  various  versions  of  this  programme  had  been 
suggested  (ranging  from  $5M  to  $30M),  E.C.  Field  noted  that  otht  *■  research,  but  at  a  low  level  of  effort, 
was  going  on  in  USA,  in  short  range  ULF  communications  to  stationary  deeply  submerged  platforms.  He 
indicated  that  the  data  rates  proposed  were  very  low  (a  bit  every  10  minutes),  that  the  requirement  was  for 
very  short  range  communications  to  very  great  depths. 
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L.  Broek-Nannesi ad  said  that  he  shared  Dr.  Jones  sentiments.  That  is  he  too  wondered  what  the 

future  work  should  be?  He  noted  that  while  the  various  papers  presented  were  probably  good  state-of-the- 
art  reports,  that  few  of  the  authors  gave  an  indication  on  what  they  felt  was  needed  to  increase  our 

knowledge  in  their  own  particular  areas  of  expertise.  He  noted  that  AGARD  is  a  systems  oriented 

organization,  and  that  it  is  not  only  a  question  of  continuing  good  university  research,  but  in  translating 
that  research  into  the  philosophy  of  systems,  which  could  be  used  by  system  designers  and  by  the  users. 

J.S.  Bel  rose  addressed  this  subject  by  pointing  out,  as  he  had  at  the  outset,  that  the  EPP  was 

concerned  with,  and  had  been  concerned  with  propagation  limitations  to  system  design,  and  that  while 
panel  symposia  emphasized,  by  and  large,  propagation  aspects,  that  the  panel  always  tried  to  have  a  few 
papers,  typically  a  whole  session  on  applications,  and  that  this  symposium  was  no  exception.  However  he 
said  we  had  not  heard  yet  ^rom  the  systems/application  people.  He  therefore  invited  comment  from  these 
wo  rke  rs . 

M,  D,  Gross!  noted  that  AGARD  should  not  only  be  concerned  with  the  limitations  that  the  Topayation 
media  imposes  on  the  utilization  of  systems,  but  also  the  reverse  aspect,  which  was  the  challenge  1.0  use 
natural  phenomena  to  the  advantage  of  the  system  users.  He  noted  that  some  of  the  papers  were  indeed  related 
to  this  latter  aspect,  viz.  the  use  of  the  transverse  electric  mode  for  air-to-air  communi "tlons ,  and  ho 
drew  reference  to  his  paper  (to  be  presented)  on  rocket-and  satellite  (shuttle)  borne  ELI'  antennas.  He 

also  noted  the  extremely  important  application  of  SQID  technology  to  ELF/ULF  receiver  design,  which  was  a 
topic  yet  to  discussed  (in  the  Applications  Session). 

R.H.  Doherty  commented  that  in  his  view,  with  few  exceptions,  the  progress  that  had  been  reported 
at  this  meeting,  over  what  we  had  seen  in  previous  meeting  could  almost  singularly  be  attributed  to  the 
progress  that  had  occured  in  the  computer  explosion;  viz.  in  the  ability  of  computers  to  solve  problems, 
and,  what  the  future  held  was  an  increasing  ability  to  computerize,  optimize  and  miniaturize  equipment. 

He  noted  that  this  was,  at  least,  one  clear  direction  toward  whlich  future  work  should  be  directed. 

Returning  to  limitations  in  our  knowledge  about  ground  conductivities,  E.R.  Swanson  noted  we  still 
don't  have  a  decent  global  ground  conductivity  map  for  use  at  VLF.  He  noted  that  researchers  were  still 
employing  a  map  (the  DECO  ground  conductivity  map)  that  had  been  discounted  by  its  authors  years  ago.  He 
commented  that  when  we  have  a  detailed  knowledge  about  the  propagation  of  skywaves,  then  we  can  perhaps 
work  backwards,  and  analyse  field  strength  data  to  deduce  a  decent  map  of  ground  conductivities  on  a  global 
scale.  J.S.  Bel  rose  noted  that  some  work  had  been  done  in  this  area  by  NRL,  but  probably  a  fresh  out  look 
was  needier  He  noted  that  CCIR  Study  Group  V  was  endeavouring  to  produce  world  wide  ground  conductivity 
maps;  and  that  Canada  was  participating  in  this  work,  but  the  maps  were  derived  from  MF  proof  of  performance 
records  on  file  for  some  eiyhty  broadcast  stations  with  the  Department  of  Conmuni cations.  H.J.  Albrecht 
noted  that  our  knowledge  was  particularly  inadequate  in  equatorial  regions,  where  there  was" a  strong 
dependence  on  ground  humidity. 

T.J.  Ceahn  mentioned  a  different  aspect,  concerning  applications.  He  noted  that  the  attractive 
part  of  VLF/ELF  conmuni  cations  was  obviously  the  high  reliability  for  lung  haul  circuits,  however,  offsetting 
this  was  the  enormous  cost  of  transmitting  stations.  He  wondered  whether  any  of  the  authors  might  speculate 
on  novel  ways  of  generating  ELF  that  would  yet  around  the  enormous  cost  and  enormous  size  of  ELF  stations. 

M.D,  Gross)  noted  that  ho  would  speak  to  this  question  in  the  final  session  of  the  symposium,  viz  the 

appj  i  cati  on  of  satellite-borne  ELI-  antennas.  J.S.  Llelrose  commented  that  this  was  hardly  a  money  saving 

alternative,  and  he  noted  that  while  various  novel  ideas"“had  been  proposed  (such  as  island  slot  antennas, 
antennas  laid  out  on  the  polar  ice-caps,  etc.)  none  were  entirely  satisfactory. 

C.D.  Harwick  commented  on  his  particular  interests  in  F.LF/ULI  on  the  applications  side.  He  noted 
the  use  of  ELK  signal s  for  anti-submarine  detection.  He  mentioned  the  work  done  to  detect  submarines 
magnetically,  and  noted  that  rurrent  technology  was  almost  up  to  threshold  of  caesium  magnetometers,  and 
that  we  had  exceeded  the  threshold  of  SQID  magnetometers .  lie  said  that  those  considering  transmitting  at 
ULF  should  take  into  account  present  users  of  the  band,  lie  noted  that  even  at  VI. F  interference  could  be 

a  problem.  He  reminised  on  a  flight  into  the  artic  when  severe  receiver  over  load  was  noted  due  tu  a  USSR 

station  transmit! rift  on  Ifi.RkHz  that  suddenly  appeared. 

finally  J.G.  Reagan,  concerning  future  ELF/VLK  research,  described  an  experimental  programme 
related  to  magnetosphere-ionosphere  coupling.  The  research  involves  collaboration  between  the  Lockheed  Group, 
particularly  W.  Imhoff  and  the  University  of  Iowa  Group,  particularly  Dr.  Anderson,  and  envolves  the  ISEE 
satellite.  High  power  USN  VLT  transmitters  will  be  utilized  to  excite  wave-particle  interactions.  Rosunant 
interaction  can  cause  changes  to  the  pitch  angle  for  mirroring  electrons,  resultoi  in  some  being  precipitated. 
Tne  process  is  one  of  resonance,  e.g.,  a  VLF  wave  travelling  in  a  magnetospheri c  duct  resonates  with  energetic 
electrons,  mirroring  on  that  field  line,  such  that  precipitation  occurs  on  the  other  end  of  the  field  line. 

The  low  altitude  P70A1  Satellite  has  been  used  to  measure  the  electrons  that  are  precipating,  and  at  the 
sane  time  the  ISEE  satellite  was  measuring  the  wave  environment  further  up  along  the  magnetic  field  line. 

The  results  so  far  obtained  are  extremely  interesting,  and  suggestive  sharp  peaks  are  detected  in  the  electron 
spectra,  which  are  attributed  to  wave  particle  interaction.  New  experiments  are  planned  for  next  year 
involving  the  use  of  a  new  satellite  to  be  launched,  that  will  carry  a  very  comprehensive  set  of  experiments 
aimed  at  providing  more  detail  on  the  electrons  that  are  precipated  due  to  this  wave  particle  resonant 
interaction.  The  VLF  transmitters  will  be  modulated  with  unique  codes,  and  an  attempt  will  be  made  to  find 
the  signatures  of  these  codes  in  the  electron  spectra.  The  experimental  programme  will  also  utilize  the 
Stanford  University  VLT  transmitter  at  Siple  in  the  Anarctic.  The  new  satellite  will  measure  precipitating 
electrons  with  1 000  times  the  sensitivity  of  previous  satellites.  It  is  instrumented  to  look  down  at  the 
atmosphere  to  measure  the  large  scale  picture  by  observing  the  Bremsstrahlung  x-rays  over  a  very  wide  range 
as  the  satellite  moves  in  latitude,  The  Lockheed  Group,  Reagan  said  expect  to  be  able  to  map  the  precipitation 
in  His  way,  as  well  as  by  optical  photometers  in  three  different  wavelengths.  The  experiment  should  be  in 
.,  rratiori  in  the  late  spring  of  1982,  and  will  operate  for  a  period  of  nine  months.  He  urged  that  anyone 
planning  related  ground  based  or  rocket  experiments  should  be  encouraged  to  cooperate  in  these  studies,  so 
as  to  add  to  our  knowledge  on  this  phenomena. 
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J.S.  Bclrose  closed  the  discussion.  He  said  he  didn't  know  whether  the  comments  made  had 
satisfied  Dr.  Jones,  and  others,  who  were  concerned  about  the  direction  of  future  of  work  in  the  area, 
but  he  noted  that  various  aspects  of  propagation,  and  wave  particle  interactions  had  been  discussed,  and  he 
suggested  that  when  the  Conference  Proceedings  were  available,  and  the  various  participants,  and  other 
interested  researchers  who  couldn't  participate  in  the  symposium,  had  the  time  to  read  the  papers  in 
detail  and  digest  the  comments  made  during  the  Round  Tabic  Discussions,  that  he  was  sure  that  researchers 
would  continue  to  study  the  many  facinating  aspects  of  long  and  very  long  wave  propagation. 
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